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Abstract

Giardia duodenalis is an intestinal protozoan that affects a wide range of vertebrate hosts,
including humans and dogs. This study aimed to investigate the prevalence of G. duodenalis in stray and
shelter dogs in Van province, Turkey. Following DNA isolation from collected samples, the f-
giardin gene region was amplified using the polymerase chain reaction (PCR) method. The infection rate
was found to be 7.23% in shelter dogs and 28.20% in stray dogs. According to sequence analysis of the /-
giardin gene, six (18.18%) isolates belonged to assemblage B, 10 (30.30%) to assemblage C, 14 (42.42%)
to assemblage D, and three (9.09%) to assemblage E. The infection rate was significantly higher in stray
dogs compared to shelter dogs (¥*p* < .001, OR = 5.04). The infection rate in dogs older than 2 years was
21.21% (14/66), while it was 11.58% (19/164) in dogs younger than 2 years; this difference was not
statistically significant (¥p* > .05, OR = 2.05). The infection rate in females was 17.35% (21/127),
whereas in males, it was 11.65% (12/103), and the difference between sexes was not statistically
significant (*p* > .05). The infection rate in dogs with diarrhea was 25.89% (29/112), while in non-
diarrheic dogs, it was 3.38% (4/118). The infection rate was significantly higher in dogs with diarrhea
compared to non-diarrheic dogs (*p* < .001, OR = 9.96). This study represents the first report of an
isolate belonging to the zoonotic assemblage B group in dogs from Van province.

Keywords: Giardia duodenalis, dog, f-giardin, Turkey, Van

Van’daki Sokak ve Barmmak Kopeklerinde Giardia duodenalis Yayginhg: ve
izolatlarin #-Giardin Gen Filogenetik Analizine Dayali Molekiiler
Karakterizasyonu

Ozet

Giardia duodenalis, insanlar ve kopekler dahil olmak iizere ¢ok gesitli omurgali konakgilar
etkileyen bir bagirsak protozoonudur. Bu ¢aligma, Tirkiye'nin Van ilindeki sokak ve barmak
kopeklerinde G.  duodenalis yaygmligin1 — arastirmayr  amacglamistir.  Toplanan 6rneklerden DNA
izolasyonunu takiben, f-giardin gen bolgesi polimeraz zincir reaksiyonu (PZR) yontemi ile ¢ogaltilmistir.
Enfeksiyon orani barmak kopeklerinde %7.23, sokak kopeklerinde ise %28.20 olarak bulunmustur. S-
giardin geninin dizi analizine gore, alt1 (%18.18) izolat B grubuna, on (%30.30) izolat C grubuna, on dort
(%42.42) izolat D grubuna ve ii¢ (%9.09) izolat E grubuna aittir. Enfeksiyon orani, barinak kdpekleriyle
karsilastirildiginda sokak kopeklerinde istatistiksel olarak anlamli derecede daha yiiksek bulunmustur
(*p* < .001, OR = 5.04). iki yasindan biiyiik kopeklerde enfeksiyon oram %21.21 (14/66) iken, iki
yagindan kiiclik kopeklerde %11.58 (19/164) idi; bu fark istatistiksel olarak anlamli degildi (*p* > .05,
OR = 2.05). Disilerde enfeksiyon oram1 %17.35 (21/127) iken, erkeklerde %11.65 (12/103) idi ve
cinsiyetler arasindaki fark istatistiksel olarak anlamli degildi (*p* > .05). ishalli kdpeklerde enfeksiyon
oran1 %25.89 (29/112) iken, ishali olmayan képeklerde %3.38 (4/118) idi. Ishalli kopeklerdeki enfeksiyon
orani, ishali olmayanlara kiyasla istatistiksel olarak anlamli derecede daha yiiksekti (*p* < .001, OR =
9.96). Bu calisma, Van ilindeki kopeklerde zoonotik B grubuna ait bir izolatin ilk raporunu temsil
etmektedir.

Anahtar Kelimeler: Giardia duodenalis, Kopek, p-giardin, Tiirkiye, Van
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Introduction

Giardia duodenalis 1s a prevalent protozoan parasite that causes gastrointestinal
disease in a broad range of hosts, including humans, domestic animals, and wildlife
(Adell-Aledon et al., 2018). G. duodenalis is one of the most frequently detected
pathogens associated with diarrhea in humans and animals, including domestic dogs. As
in other hosts affected by this parasite, infections in dogs can be acute, chronic, or
asymptomatic (Ballweber et al., 2010; Westermarck, 2016). Understanding the global
distribution and zoonotic potential of G. duodenalis, as well as its prevalence and
genetic diversity in different animal populations, is crucial for both public and animal
health (Velante et al., 2017). Free-roaming dog populations, in particular, can act as
reservoirs for various infectious diseases, including parasitic infections (Do et al.,
2021). Due to the lack of adequate veterinary care and hygiene, these animals can
harbor parasites, posing a risk to both animal and human health (De Waal et al., 2022).
The high prevalence of G. duodenalis observed in wildlife-adapted hosts represents a
significant risk for the spillover of this pathogen into stray dog populations. This
ecological dynamic facilitates parasite transmission from forested areas to domestic
animal communities, with the potential to negatively impact both livestock and human
health (Hatam-Nahavandi et al., 2025).

The diagnostic methods used to determine the prevalence of giardiasis are of
paramount importance. The limitations of microscopic and antigen-based tests in
detecting low-intensity infections often result in underestimated prevalence rates. In
contrast, PCR-based molecular methods targeting genes such as f-giardin, glutamate
dehydrogenase, and triosephosphate isomerase exhibit higher sensitivity. By providing
higher detection rates, these methods enhance the reliability of epidemiological
studies. Recent data from molecular studies indicate that the use of molecular
techniques for the detection of G. duodenalis provides more accurate, higher
prevalence rates and offers advantages for characterization at the assemblage level
(Kalavani et al., 2024).

According to previous studies, G. duodenalis has been classified into eight
distinct assemblages or genotypes, designated A through H. Among these, assemblages
A and B infect humans and animals worldwide. Assemblage C and D are found in dogs,
assemblage E in ruminants including livestock, assemblage F in cats, assemblage G in
rodents, and assemblage H in marine mammals. However, recent observations have
challenged this grouping, as infections in humans caused by assemblages C, D, E, F,
and G have been reported (Fantinatti et al., 2016; Garcia-R et al., 2021).

The detection of the zoonotic sub-assemblages A and B in dog populations,
coupled with the finding of the dog-adapted assemblages C and D in humans, raises the
question of whether dogs play a role in the transmission of G. duodenalis infection to
humans (Ballweber et al., 2010).

Therefore, this study aimed to determine the prevalence, identify the assemblages,
and perform molecular characterization of G. duodenalis in fecal samples from shelter
and stray dogs in Van province, Tiirkiye, to contribute data on its zoonotic potential in
this region.
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Materials and Methods
Study Area and Samples

This study was conducted in Van province, located in the Eastern Anatolia Region
of Tirkiye, between January and June 2025. A total of 230 mixed-breed dogs of
different sexes were examined. The sample comprised 152 dogs (83 male, 69 female)
from the Van Metropolitan Municipality shelter and 78 stray dogs (37 male, 41 female).

Molecular Analysis and Nested PCR

Fecal samples transported to the laboratory under cold-chain conditions were
stored at -20°C until DNA isolation. DNA extraction from the fecal samples was
performed using the QIAamp DNA Stool Mini Kit (Qiagen, Germany), following the
manufacturer’s protocol. Amplification of a 753 bp region of the S-giardin gene was
carried out using the G7 F (5’-AAGCCCGACGACCTCACCCGCAGTGC-3’) and
G759R (5’-GAGGCCCGCCCTGGATCTTCGAGACGAC-3’) primers (Caccio &
Ryan, 2008). The master mix was prepared in a final volume of 25 uL, containing 1.5
mM MgClz, 10 pmol each of forward and reverse primers, 200 uM dNTPs, 10X PCR
buffer, 1U Taq Polymerase, nuclease-free water , and 100 ng of DNA. The reaction
conditions were as follows: initial denaturation at 95°C for 15 min, followed by 35
cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and extension at
72°C for 1 min, with a final extension at 72°C for 7 min.

For the second step of the nested PCR, amplification of a 511 bp f-giardin gene
region was performed using the BGIF (5-GAACGAGATCGAGGTCCG-3’) and
BG2R (5’-CTCGACGAGTTCGTGTT-3") primers (Lalle et al., 2005). The master mix
composition and final volume were identical to the first PCR. The reaction conditions
were: initial denaturation at 95°C for 15 min, followed by 35 cycles of denaturation at
95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min, with a final
extension at 72°C for 7 min.

The obtained PCR products were stained with RedSafe™ Nucleic Acid Staining
solution (iNtRON Biotechnology, Korea) solution and visualized on a 1.5% agarose gel
electrophoresis system.

Ethical Statement

Ethical approval for this study was obtained from the Van Yiiziincii Y1l University
Animal Experiments Local Ethics Committee (protocol number: 20230106).

DNA Sequencing and Phylogenetic Analysis

Purified nested PCR products from all samples were sequenced bidirectionally
(forward and reverse) using an ABI 3100 Genetic Analyzer platform by the BM Labosis
(Ankara, Tiirkiye). DNA sequences were aligned using CodonCode Aligner software,
and consensus sequences were generated using ClustalW within the BioEdit Sequence
Alignment Editor (Higgins et al., 1996; Hall, 1999). Phylogenetic analysis of G.
duodenalis was performed based on the f-giardin locus, incorporating additional
reference isolates from GenBank. Phylogenetic trees were constructed using MEGA 12



Dogu Fen Bilimleri Dergisi / Journal of Natural & Applied Sciences of East 9(1): 1-9 (2026)

Arastirma Makalesi / Research Article

software (Kumar et al., 2024). The Model Test feature within MEGA 12 was used to
determine the best-fit model, and the Tamura 3+I model (Tamura, 1992) was selected
for maximum likelihood (ML) analyses . The reliability of the results was assessed with
1000 bootstrap replicates. Finally, the maximum likelihood method was used to

construct the evolutionary tree. Giardia muris (MK675656.1) was used as an outgroup
(Figure 1).

Statistical Analysis

The association between potential risk factors and G. duodenalis infection in dogs
was analyzed using the Chi-square test. Prevalence rates were presented with a 95%
confidence interval (CI), and odds ratios (OR) were calculated. A probability value
of *p* <05 was considered statistically significant.
Results

This study included 230 dogs (127 female, 103 male). All dogs were of mixed
breed. The mean + standard deviation (SD) age of the dogs was 3.0 = 2.7 years. Dogs
were divided into two groups: those under 2 years of age and those over 2 years of age.
The mean + SD age was 1.53 £ 0.50 years for dogs under 2 years (*n*= 164) and 6.6 +
2.3 years for dogs over 2 years (*n* = 66). The sex distribution was 103 males (44.8%)
and 127 females (55.2%). Of the 230 fecal samples examined, 112 (48.7%) were from
dogs with diarrhea and 118 (51.3%) were from non-diarrheic dogs.
The infection rate was 7.23% in shelter dogs and 28.20% in stray dogs. The infection
rate was significantly higher in stray dogs compared to shelter dogs (*p*< .001, OR =
5.04). The infection rate was 21.21% (14/66) in dogs over 2 years old and 11.58%
(19/164) in dogs under 2 years old; this difference was not statistically significant
(*p* > .05, OR = 2.05). The infection rate was 16.53% (21/127) in females and 11.65%
(12/103) in males, with no statistically significant difference between sexes (*p* > .05).
The infection rate was 25.89% (29/112) in dogs with diarrhea and 3.38% (4/118) in non-
diarrheic dogs. The infection rate was significantly higher in dogs with diarrhea
compared to those without (*p* <.001, OR = 9.96) (Table 1).

Table 1. BLAST comparison results of the obtained sequences with reference sequences
in GenBank

GenBank Accession Number Closest GenBank Reference Assemblage Similarity
/ Sample No Sequence(s) (%)
PP918965 / 6 KT948084 B 99.40

LC508615, LC436571,
PP918966 / 10 MG 746614 B 99.80
PP918967 / 11 JN416552, KT728458 C 99.80
PP918964 / 32 KT922250, KT922248 E 99.80
PP918968 / 77 LC437432 C 99.60
PP918969 / 92 LC437453 D 99.80

In this study, assemblages B, C, and D were identified in shelter dogs, while
assemblages C and E were found in stray dogs. Of the 33 positive samples, six
(18.18%) belonged to assemblage B, 10 (30.30%) to assemblage C, 14 (42.42%) to
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assemblage D, and three (9.09%) to assemblage E. Due to the high sequence similarity
within assemblages, one representative sequence from each of the six distinct genotypes
was submitted to GenBank.

In the homology analysis, the G. duodenalis assemblage C isolates obtained in
this study (GenBank accession numbers PX673978.1 and PX673974.1) showed 100%
similarity with the isolate ON088471.1 from dogs in the Czech Republic. The G.
duodenalis assemblage B isolates (PX673977.1 and PX673973.1) showed 100%
similarity ~with isolate MW679441.1 from humans in Brazil. The G.
duodenalis assemblage D isolate (PX673976.1) showed 100% similarity with isolate
LC437453.1 from dogs in Japan. The G. duodenalis assemblage E isolate (PX673975.1)
showed 100% similarity with isolate MH230881.1 from yaks in China (Figure 1).

ONO088471.1 G.intestinalis (Assemblage C-Dog)
MN270296.1 G. duodenalis (Assemblage C-Dog)
96 | @ PX673978 G. dudenalis (Assemblage C-Dog)
LC437438.1 G.intestinalis(Assemblage C-Dog)
@ PX673974 G. dudenalis (Assemblage C-Dog)
— MN270295.1 G.duodenalis (Assemblage C-Dog)
@ PX673976 G. dudenalis (Assemblage D-Dog)
JN416559.1 G. intestinalis (Assemblage D-Dog)
100 | PX454779.1 G. duodenalis(Assemblage D-Dog)
. 0Q818106.1 G.duodenalis (Assemblage D-Dog)

MWG679441.1 G. intestinalis (Assemblage B-Human)
99 | DQ0Y0524.1 G. intestinalis (Assemblage B-Human)

LC508615.1 G. intestinalis (Assemblage B-Human)
@ PX673977 G. dudenalis (Assemblage B-Dog)
88 @ PX673975 G. dudenalis (Assemblage E-Dog)
PV763455.1 G.duodenalis (Assemblage E-Cattle)
100 _{— MH893676.1 G.duodenalis (Assemblage E-Cattle)
66 ' EU769215.1 G.intestinalis (Assemblage E-Sheep)
MK675656.1 Giardia muris beta-giardin

0.02

Figure 1. The phylogenetic relationships among G. duodenalis isolates collected from
dogs and cats were inferred using the neighbor-joining method based on the B-giardin
gene sequences under the Kimura 2-parameter model. Bootstrap values are shown at the
nodes of the tree. Reference sequences retrieved from GenBank together with their
accession numbers are indicated. The Giardia muris sequence was used as the outgroup.

Discussion

The widespread zoonotic intestinal parasite G. duodenalis infects a variety of
mammals worldwide, including dogs, causing giardiasis (Claerebout et al., 2009).
Molecular-based studies on G. duodenalis diagnosis in dogs globally report a
prevalence ranging from 1.9% to 33.8%, with the detection of assemblages A, B, C, D,
and E (Claerebout et al., 2009; Solarczyk & Majewska, 2010; Itoh et al., 2011; E. Silva
et al., 2012; Shin et al., 2015; Kim et al., 2019; Pereira et al., 2021). Studies conducted
in various provinces of Tiirkiye using molecular techniques have reported a G.
duodenalis prevalence of 1% to 9% in dogs, with assemblages A, B, C, D, and E
identified (Gultekin et al., 2017; Aslan Celik et al., 2023; Ertas Oguz et al., 2023; Aslan
Celik et al., 2024; Satasmaz et al., 2025). In their study, Claerebout et al. (2009)
reported a G. duodenalis infection rate of 9.3% in stray dogs, 43.9% in shelter dogs, and
18.1% in diarrheic dogs. They also reported that across the entire dog population, dogs
under 2 years of age were more frequently infected with G. duodenalis than adult dogs.
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A study conducted on shelter dogs in Batman province, Tiirkiye, reported the presence
of assemblages C and D in two puppies under 1 year of age (Aslan Celik et al., 2023).
In our study, the infection rate was 7.23% in shelter dogs and 28.20% in stray dogs, and
this difference was statistically significant (*p* <.001). Stray dogs had a five-fold
higher probability of infection than shelter dogs. The lower prevalence in shelter dogs
may be attributed to regular veterinary care and the use of anthelmintics, although these
measures appear insufficient to prevent the infection completely. In our study, the
infection rate was 11.58% in dogs under 2 years and 21.21% in dogs over 2 years. The
>?2 years age group showed a 2.05-fold higher odds of infection than the <2 years
group, although this difference was not statistically significant (*p*>.05). This suggests
a potential age-related increase in risk that the study may have been underpowered to
detect. Age grouping was based on immune system development and behavioral risk
factors in dogs. The literature reports that young dogs (<2 years old) are more
susceptible to parasitic infections due to both immunological immaturity and their
tendency to explore the environment orally (Claerebout et al., 2009). Therefore, age
groups were classified as <2 years and >2 years.

In our study, the infection rate was 25.89% in diarrheic dogs and 3.38% in non-
diarrheic dogs, a statistically significant difference (*p*< .001). These findings suggest
that diarrhea in these dogs may be associated with G. duodenalis infection. According to
the statistical analysis results, the presence of diarrhea (OR = 9.96) and living on the
streets (OR = 5.04) were identified as significant risk factors. The finding that the
probability of infection is approximately 10 times higher in dogs with diarrhea and 5
times higher in stray dogs indicates that both clinical findings and environmental
exposure are important determinants in giardiasis. For age (>2 years, OR = 2.05) and
gender (female, OR = 0.67), non-significant risk variations with potential
epidemiological relevance were observed. For instance, the twofold increase in risk in
the >2 years age group may be associated with cumulative exposure.

Adell-Aledon et al. (2018) in their study, reported an overall G.
duodenalis prevalence of 36.5% in the investigated dog population, with higher
infection rates observed in female dogs compared to males, and the presence of
assemblages A, B, C, and D in shelter dogs. Similarly, in our study, the infection rate
was higher in females (16.53%) than in males (11.65%), although this difference was
not statistically significant (*p* > .05). A coprological study in Iran reported a positivity
rate of 4.64% in 323 dog fecal samples (Bakhshani & Razmi, 2025).

Various studies have reported assemblages C and D dog-specific genotypes
(Solarczyk & Majewska, 2010; Gultekin et al., 2017). A study in Iran collected 246
fecal samples from 49 stray and 97 shelter dogs, reporting 1.21% assemblage C and
0.83% assemblage D genotypes (Esmailzadeh et al., 2023). In our study, the dog-
specific genotypes C (30.30%) and D (42.42%) were found more frequently than other
genotypes. intensive contact among dogs living in the same environment.

Abdel-Moein and Saeed (2016), in their study, reported that assemblage E
showed 100% similarity with assemblage E obtained from humans, suggesting it may
have zoonotic potential. In our study, assemblage E was detected in dogs at a rate of
9.09%. This molecular finding indicates the potential for transmission of assemblage E
from ruminants to dogs and subsequently from dogs to humans. In Tirkiye, Ertug et al.
(2016) reported the detection of assemblage B in humans. A subsequent study in the
same province found a high rate (100%) of assemblage B in dogs (Gultekin et al.,
2017). In our study, assemblage B was detected in shelter dogs at a rate of 18.18%.
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Given the zoonotic nature of assemblage B, this suggests that dogs could act as
reservoir hosts, posing a potential risk to human health.

The prevalence of G. duodenalis in dogs in this study is consistent with
prevalence rates and assemblages reported in molecular studies conducted on dogs in
Tirkiye, but appears lower than rates reported in studies worldwide. This discrepancy
may be attributed to geographical conditions and climatic characteristics of the region.
In conclusion, alongside technological advancements, new diagnostic methods have
emerged for the detection of G. duodenalis. The molecular prevalence and genetic
characterization of G. duodenalis in stray and shelter dogs in Van province have been
elucidated. This study also represents the first report of an isolate belonging to the
zoonotic assemblage B group in dogs from Van. In this context, the study provides
novel data to the existing literatiire and highlights the potential risk dogs may pose for
human infections.
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Abstract

This study aimed to determine the prevalence and genetic structure of Cysticercus tenuicollis (the
larval stage of Taenia hydatigena) infection in sheep slaughtered in Van province. A total of 100 sheep
slaughtered at the Van Metropolitan Municipality Slaughterhouse between June and December 2025 were
examined. Prevalence was evaluated by gender and age group, and phylogenetic analysis was conducted
on the mt-CO1 gene region. The findings revealed an overall prevalence of 25.0%. No significant
difference was observed between genders (males: 28.1%, females: 23.5%; p = 0.62). However, a
statistically significant difference was found between age groups (<3 years: 13.3%; >3 years: 42.5%; p =
0.001). Phylogenetic analysis showed that the isolates from this study (GenBank accession numbers
PZ006119.1 and PZ006118.1) were 100% identical to cattle isolates from China. These results indicate
that T hydatigena has a largely conserved genetic structure worldwide. Compared with the previously
reported prevalence of 72.89% in Van in 2001, the current rate of 25% may suggest a decline in infection
pressure; however, this difference should be interpreted with caution due to potential variations in study
design, sampling strategy, and animal population characteristics. Nevertheless, the high infection rate,
particularly in older animals, suggests that the parasite continues to exert pressure on animal health and
the local economy. This study emphasizes the importance of parasite management in dogs and proper
disposal of slaughterhouse waste to control infection.

Keywords: Cysticercus tenuicollis, prevalence, phylogenetic analysis, mt-CO1 gene, Taenia hydatigena

Koyunlarda 7Taenia hydatigena'min Metasestod Evresi'nin (Cysticercus
tenuicollis) Prevalansi ve Molekiiler Analizi

Ozet

The skin is a structure that protects the organism from external factors with its multi-layered
structure and hair covering. Structures such as hair, feathers, scales, nails, and claws, which are skin
extensions protruding from the body surface, contribute to the organism's structure, while skin extensions
such as sebaceous glands, sweat glands, and mammary glands, which are distributed throughout the body,
confer special physiological functions such as environmental adaptation. Intermediate filaments such as
vimentin, desmin, and laminin play important roles in the formation and development of the organism.
These IFs have also been reported in many studies as potential markers in tumor formation. Based on the
roles of IFs in cell formation and development and their potential use as markers in tumors, in our study,
we investigated the expression of vimentin and desmin, which are intermediate filaments, and laminin,
which is a connective tissue component, in the skin tissue of adult rats. Our findings showed that these
components reacted with varying degrees of intensity in the medulla layer of the hair, some connective
tissue cells, the muscle layer of the skin, the retractor muscles of the hair, the medulla of the hair, some
blood vessels, and the outer epithelial cells of the hair. As in other mammals, the expression of vimentin,
desmin, and laminin in certain cell groups in rat skin indicates that these factors contribute to the cellular
skeleton and tissue integrity in the skin.

Anahtar Kelimeler: Cysticercus tenuicollis, prevalans, filogenetik analiz, mt-COIl geni, Taenia
hydatigena
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Introduction

Taenia hydatigena is a parasite that lives as an adult in the small intestines of
carnivores. Its larval stage, Cysticercus tenuicollis, forms cysts in ruminants and pigs
(Yildirinm et al., 2015). These larvae typically appear as fluid-filled cysts in the
abdominal, pleural, and pelvic cavities, but can also occur in less common sites such as
the lungs, kidneys, and brain (Celik et al., 2021; Hama et al., 2018). When larvae invade
host tissues, they can damage the liver and lungs, sometimes causing severe illness,
such as hepatitis cysticercosa, or even death in young animals (Bozkurt et al., 2015;
Mohammed & Kadir, 2020). As a result, this infection causes major economic losses in
livestock, especially because livers and carcasses are often discarded at slaughterhouses
(Filip-Hutsch et al., 2019).

Studying the parasite’s genetics is essential for understanding how it spreads and
adapts over time. The mitochondrial cytochrome ¢ oxidase 1 (mt-CO1) gene is a reliable
marker for identifying genetic relationships and phylogenetic patterns among isolates
(Celik et al., 2021). Research shows that 7. hydatigena’s genetic diversity varies by
region (Hama-Soor et al., 2021; Mohammed & Kadir, 2020). These findings help guide
the development of more effective control strategies and reduce economic losses
(Hama-Soor et al., 2021; Khan et al., 2021). For a more complete picture of the
parasite’s genetics and to detect differences within the species, it is best to use full
mitochondrial genome sequencing and to study other gene regions such as nad5, nad6,
and atp6 (Celik et al., 2021; Jia et al., 2010).

Many studies have examined the prevalence of C. tenuicollis in sheep
worldwide, showing that infection rates vary widely across locations, animal
management practices, and stray dog densities. For example, a study in Egypt found
infection rates of 19% in goats (67 cases) and 16% in sheep (80 cases) among 500
sheep, 350 goats, and 103 camels. The same study also reported the first case of this
larva in a camel liver (1%) in Egypt (Omar et al., 2016). In Bangladesh, 12.9% of goats
were infected (Dey et al., 2022). A larger study in Kazakhstan found lower rates: 0.6%
in cattle and 1.1% in sheep (Kiyan et al., 2025).

Research in Van province indicates that C. tfenuicollis infection is a major issue.

Earlier studies reported prevalence rates of 72.89% in sheep, 58.85% in goats, and
10.86% 1in cattle (Deger et al., 2001). Another study in Van found an infection rate of
27.9% (Oguz & Deger, 2013). A later, more detailed study confirmed that C. tenuicollis
1s among the most common metacestodes in Van, causing significant economic losses
(Deger & Bigek, 2005).
Collectively, these studies demonstrate that C. tenuicollis infection is widespread.
Overall, they show that C. fenuicollis infection is common in Van province and poses a
serious risk to small ruminant farming. However, more recent data are needed on the
current prevalence of the infection, the parasite's genetic makeup, and its transmission
among hosts. This study aims to determine whether the prevalence of C. tenuicollis in
sheep in Van has changed in recent years and to compare the genetic characteristics of
local isolates with those reported from other regions.
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Materials and Methods
Study Area

The study material consisted of 100 sheep slaughtered at the Van Metropolitan
Municipality Slaughterhouse from June to December 2025.

Postmortem Examination and Prevalence Determination

All sheep underwent routine postmortem inspection at the slaughterhouse. The
abdominal cavity and visceral organs, particularly the omentum, mesentery, liver
surface, and peritoneum, were macroscopically examined for C. fenuicollis cysts.
Prevalence was calculated as the number of infected animals divided by the total
number of examined sheep.

Collection of Cysts

Cysts detected during postmortem examination were carefully collected, and
their anatomical locations were recorded. Representative samples were then subjected to
molecular analysis.

Animal Data

The animals' ages and sexes were recorded, and the sheep were grouped for
statistical analysis.

DNA Extraction

Genomic DNA was isolated from scolices collected from cysts using a
commercial kit (DNA Mini Kit, Qiagen, Germany) according to the manufacturer's
instructions. The extracted DNA was stored at -20°C until PCR analysis. For PCR,
primers JB3  (5-TTTTTTGGGCATCCTGAGGTTTAT-3") and JB45 (5'-
TAAAGAAAGAACATAATGAAAATG-3") were used to amplify a 446-bp region of
the mt-CO1 gene (Bowles et al., 1992). The mt-CO1 gene region was amplified in a 30
pul PCR mixture containing 200 uM of each dANTP, 10 pmol of each primer, 1x PCR
buffer, 1.25 U/ul DreamTaq DNA Polymerase (Thermo Scientific), and 3 pl of template
DNA. The reaction conditions were as follows: initial denaturation at 95°C for 3
minutes; 35 cycles of denaturation at 95°C for 1 minute, annealing at 54°C for 1 minute,
and extension at 72°C for 1 minute; followed by a final extension at 72°C for 10
minutes. PCR products were visualized on an agarose gel using SafeView dye. Positive
amplicons were sequenced in both directions using the same primers (Macrogen,
Ankara, Tirkiye). The mt-CO1 gene sequence data were analyzed using BioEdit (Hall
etal., 2011).

Sequence Analysis

Purified PCR products were sent to Macrogen in Ankara, Tiirkiye, for Sanger
sequencing. The resulting sequences were analyzed in BioEdit (Hall et al., 2011) using
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the Clustal/W method (Higgins et al., 1996). Sequence similarity was assessed with
NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Phylogenetic analysis of T
hydatigena was conducted using the mt-CO1 locus, incorporating additional isolates
from GenBank. The phylogenetic tree was constructed in MEGA 12 (Kumar et al.,
2024). ModelTest in MEGA 12 was used to identify the best-fit model, and the Tamura
3+1 model (Tamura, 1992) was applied for Maximum Likelihood analyses. Bootstrap
analysis with 1000 replicates was used to evaluate the reliability of the results.

Statistical Analysis

The data from the study were analyzed using SPSS V16.0 (IBM, Chicago, IL,
USA). The relationship between grouped variables was assessed using the chi-square
test. Differences were considered statistically significant when P < 0.05.

Results

Of the 100 sheep examined, 32 were male and 68 were female. C. tenuicollis
cysts were detected in 25 animals, yielding an overall prevalence of 25.0%. Infection
rates were 28.1% (9/32) in males and 23.5% (16/68) in females, with no significant
difference between groups (p > 0.05). In contrast, infection was significantly more
common in sheep older than 3 years (42.5%, 17/40) than in those aged 3 years or
younger (13.3%, 8/60) (p = 0.001) (Table 1).

Table 1. Prevalence of C. tenuicollis according to gender and age group in sheep.

Variable Category n(examined) n(positive) Pre\(/;l ;nce Pvalue
()
Male 32 9 28.1 0.62
Gender
Female 68 16 23.5
< *
Age <3 years 60 8 13.3 0.001
Eroup >3 years 40 17 42.5
Total 100 25 25.0
*Significant at p < 0.05.
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75, @ PZ006119.1 Taenia hydatigena (Sheep/This Study)

75| @ PZ006118.1 Taenia hydatigena (Sheep/This study)

DQB95656.1 Taenia hydatigena (Sheep/india)

PP658435.1 Taenia hydatigena (Dog/lran)

521 OP558781.1 Taenia hydatigena (Chamois/italy)

MZ345598 1 Taenia hydatigena (Dog/Slovakia)

AB792722 1 Taenia hydatigena (Dog/Mangolia)

MW315208 .1 Taenia hydatigena (Sheep/Slovakia)

HQ204205.1 Taenia hydatigena (Dog/China)

MG594802 1 Taenia ovis (Sheep/Denmark)

o GU252131.1 Taenia arctos (Alces alces/Finland
;'7_’— MZ348363 1 Taenia multiceps (Sheep/Saudi Arabia)
67 ' AMS503331.1 Taenia madoquae (Canis mesomelas/Kenya)

M7841628 1 Echinococcus granulosus (Sheep/China)

Figure 1. Phylogenetic tree showing relationships among 7. hydatigena isolates
(PZ006119.1, PZ006118.1) based on the mt-CO1 gene region, inferred using the
Maximum Likelihood method. Echinococcus granulosus (MZ841628.1) served as the
outgroup.

Figure 2. C. tenuicollis cyst located in the omentum. Arrow: scolex within the cyst
fluid.

Phylogenetic Analysis

Homology and phylogenetic analyses showed that the 7. hydatigena isolates
from this study (GenBank accession numbers PZ006119.1 and PZ006118.1) were 100%
identical to cattle isolates from China (OP861564.1, OP861557.1, and OP861563.1). In
addition, the study isolates showed high similarity to other 7. hydatigena sequences in
GenBank (DQ995656.1, PP658435.1, OP558781.1, MZ345598.1, AB792722.1,
MW315208.1, and HQ204205.1). Echinococcus granulosus (MZ841628.1) served as
the outgroup in the phylogenetic tree.
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Discussion

It is especially common in small ruminants and pigs (Pefia-Espinoza et al., 2013;
Yildirim et al., 2015). This study found that 25% of sheep in Van province were infected
with C. tenuicollis. This result is similar to other studies in Tiirkiye, where prevalence
rates range from 12.3% to 65.67% (Celik et al., 2021). Worldwide, rates vary widely,
with some studies reporting up to 79% in Ethiopia (Sissay et al., 2008), 42.2% in
Tanzania (Miran et al., 2016), and 15.17% in India (Nimbalkar et al., 2011). Compared
with the earlier rate of 72.89% in Van (Deger et al., 2001; Oguz & Deger, 2013), the
current 25% may indicate a decline in infection pressure in the region. However, this
difference should be interpreted with caution, as variations in study period, sample size,
sampling strategy, slaughterhouse conditions, and animal population characteristics may
have influenced the reported prevalence rates. Therefore, improvements in control
practices and slaughterhouse hygiene may be considered among several possible
explanations for the lower prevalence observed in the present study, rather than a
definitive cause.

By age, infection was much more common in sheep older than 3 years (42.5%)
than in those 3 years or younger (13.3%), and this difference was statistically significant
(p = 0.001). This is likely because older sheep are exposed to parasite eggs for longer
periods while grazing (Dyab et al., 2017; Laranjo-Gonzalez et al., 2016). Some
researchers also suggest that older animals may have weaker immune systems, which
could increase infection rates (Dyab et al., 2017). For gender, there was no significant
difference (28.1% in males and 23.5% in females), indicating similar risk between the
sexes. These results align with findings from Tanzania and Iraq, where no significant
gender differences were observed (Hama et al., 2018; Miran et al., 2016).

In a study by Oguz and Deger (2013) on sheep in Van, the infection rate of C.
tenuicollis was reported as 27.9%. In a molecular study by Utiik and Piskin (2012) on
cysts collected from goats, 99% similarity to the reference sequences (DQ995656.1,
HQ204206.1) was reported. In our study, however, 100% similarity was observed with
sequences obtained from studies conducted in China and Egypt (OP861564.1,
ABS513874.1).

The mitochondrial cox1 gene used in this study was a reliable marker for
understanding the parasite’s genetic structure (Celik et al., 2021). The isolates were
100% identical to strains from China and Egypt, indicating that 7. hydatigena has a
largely conserved genetic structure worldwide (Hama et al., 2018; Mohammed & Kadir,
2020). Thus, although the parasite is found in many regions and hosts, its main genetic
profile remains the same, though new mutations can occasionally arise in certain
locations (Mohammed & Kadir, 2020). C. tenuicollis is a major economic problem for
the livestock industry. Severe infections can cause serious liver damage and hepatitis
cysticercosa, sometimes leading to death in young animals (Celik et al., 2021; Yildirim
et al., 2015). Discarding livers and carcasses at slaughterhouses also causes significant
financial losses. For example, annual losses in Italy are about €333,657, and in Egypt,
liver condemnations cost thousands in local currency (Celik et al., 2021; Omar, 2021;
Ras et al., 2024).

15



Dogu Fen Bilimleri Dergisi / Journal of Natural & Applied Sciences of East 9(1): 10-18 (2026)

Arastirma Makalesi / Research Article

The 25% prevalence found in Van still puts pressure on animal health and the
local economy. To control this infection, it is important to manage the parasite in dogs
and ensure that slaughterhouse waste is properly disposed of so that dogs cannot access
it.
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Abstract

In this study, an environmentally friendly and multifunctional Au/Gelatin:Ag NP/p-Si/Al hybrid
bio-nanocomposite photodiode was successfully fabricated and its structural, optical, electrical, and
antibacterial properties were comprehensively investigated. The Gelatin: Ag NP interfacial layer combines
the biocompatibility and film-forming capability of natural gelatin with the high conductivity and
plasmonic properties of silver nanoparticles. SEM analyses revealed that Ag nanoparticles were
homogeneously distributed within the gelatin matrix with nanoscale particle dimensions. XRD results
confirmed the successful formation of crystalline face-centered cubic Ag nanoparticles embedded in the
amorphous gelatin framework. UV-Vis measurements exhibited a characteristic localized surface
plasmon resonance band around 410 nm, while the optical band gap of the nanocomposite was
determined as 3.21 eV. Current—voltage measurements demonstrated pronounced rectifying behavior
under all measurement conditions, confirming the successful formation of a Schottky junction. With
increasing illumination intensity, the reverse-bias photocurrent significantly increased, indicating efficient
photodetection capability. The ideality factor and barrier height were extracted using thermionic emission
theory, whereas the series resistance values were obtained from Cheung functions. The ideality factor
increased from 1.17 to 3.05, while the barrier height decreased from 0.87 eV to 0.62 eV under increasing
illumination. In addition, the device exhibited high photocurrent, enhanced responsivity, and specific
detectivity values reaching the order of 10* Jones. The obtained 0=0.97, $=0.42, and y=0.36 values
confirmed stable and reliable power-dependent photoresponse behavior. Antibacterial tests showed that
the fabricated device effectively inhibited both Escherichia coli and Staphylococcus aureus strains. The
strongest antibacterial activity was achieved under 365 nm UV illumination, while visible-light exposure
also provided enhanced activity compared with the dark condition. These results were attributed to Ag*
ion release, reactive oxygen species generation, and plasmon-assisted photoactivation processes. Overall,
the Au/Gelatin:Ag NP/p-Si/Al structure offers a promising next-generation multifunctional optoelectronic
platform combining high photodetector performance, low-cost fabrication, biocompatibility, and light-
enhanced antibacterial functionality.

Keywords: Photodiode, 1-V, Photosensitivity, Detectivity, Gelatin:Ag NP

Au/Jelatin:Ag NP/p-Si/Al Hibrit Biyo-Nanokompozit Fotodiyotun
Gelistirilmis Foto tepkisi ve Antibakteriyel Performansi

Ozet

Bu caligmada, ¢evre dostu ve ¢ok fonksiyonlu bir fotodedektor yapisi olarak Au/Gelatin:Ag
NP/p-Si/Al hibrit biyo-nanokompozit fotodiyot basariyla iiretilmis ve yapisal, optik, elektriksel ve
antibakteriyel Ozellikleri ayrmntili olarak incelenmistir. Ara tabaka olarak kullanilan Gelatin:Ag NP
nanokompoziti, dogal jelatinin biyouyumlulugu ve film olusturma kabiliyeti ile Ag nanopartikiillerin
yiiksek iletkenlik ve plazmonik 6zelliklerini bir araya getirmektedir. SEM analizleri Ag nanopartikiillerin
jelatin matrisi igerisinde homojen dagildigini ve ortalama pargacik boyutunun nano 6lgekli aralikta
oldugunu gostermistir. XRD sonuglar1, amorf jelatin faz1 igerisinde ylizey merkezli kiibik yapiya sahip
kristalin Ag nanopartikiillerin basarili sekilde olustugunu dogrulamigtir. UV—Vis analizlerinde yaklagik
410 nm civarinda gozlenen yiizey plazmon rezonans bandi Ag nanopartikiillerin varligin1 desteklerken,
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optik bant aralig1 3.21 eV olarak hesaplanmistir. Fotodiyotun akim-gerilim karakteristikleri, yapimin tiim
6l¢lim kosullarinda belirgin dogrultucu davranis sergiledigini gostermistir. Aydinlatma siddeti arttikga
ters besleme bolgesindeki fotoakim onemli Olciide artmis, bu durum cihazin etkin 151k algilama
kapasitesini ortaya koymustur. Termiyonik emisyon modeli ile idealite faktorii ve bariyer yiiksekligi,
Cheung fonksiyonlar1 ile seri diren¢ degerleri hesaplanmustir. Idealite faktorii 1.17°den 3.05’e
yiikselirken, bariyer yiiksekligi 0.87 eV’den 0.62 eV’e diismiistiir. Ayrica cihaz, yliksek fotoakim, artan
duyarhilik ve 10" Jones mertebesinde 6zgiil dedektiflik degeri sergilemistir. a=0.97, $=0.42 ve y=0.36
degerleri, cihazin 151k siddetine kars1 kararli ve giivenilir tepki verdigini gostermektedir. Antibakteriyel
testlerde, yap1 hem Escherichia coli hem de Staphylococcus aureus bakterilerine kargi etkili inhibisyon
gostermistir. En yiliksek antibakteriyel etkinlik 365 nm UV 1s1k altinda elde edilmis, goriiniir 151k altinda
da karanlik ortama kiyasla belirgin artis gdzlenmistir. Bu sonuglar, Ag nanopartikiillerin iyon salinimi,
reaktif oksijen tiirleri olusumu ve plazmonik fotoaktivasyon mekanizmalari ile agiklanmistir. Sonug
olarak, Au/Gelatin:Ag NP/p-Si/Al yapisi; yiiksek fotodedektor performansi, diisiik maliyetli {iretim,
biyouyumluluk ve 151k destekli antibakteriyel aktivite 6zelliklerini ayni anda sunan umut verici yeni nesil
cok fonksiyonlu bir optoelektronik platformdur.

Anahtar Kelimeler: Fotodiyot, I-V, Fotoduyarlilik, Dedektiflik, Jelatin:Ag NP

Introduction

Photodiodes are among the most important optoelectronic devices used for
converting incident light into electrical signals, finding widespread applications in
optical communication systems, environmental monitoring, imaging technologies,
biomedical sensing, and energy-efficient detection platforms. Silicon-based
photodiodes, particularly p-type silicon (p-Si), remain highly attractive owing to their
mature fabrication technology, low cost, excellent carrier mobility, and compatibility
with large-scale microelectronic integration (Karaca, et. al., 2026). However, the
performance of conventional metal/Si photodiodes is often restricted by high surface
recombination, interface defect states, leakage current, and insufficient spectral
selectivity. Therefore, introducing functional interfacial layers between the metal
contact and semiconductor substrate has become an effective strategy to improve
photodiode characteristics (Hussaini, et. al., 2024).

Recently, organic and bio-derived interlayers have attracted considerable
attention due to their low-cost processing, environmental sustainability, mechanical
flexibility, and tunable electronic properties. Biopolymer-based thin films can
effectively passivate silicon surface states, regulate charge transport across the junction,
and suppress dark current, thereby enhancing rectification ratio, responsivity, and
specific detectivity. Among these materials, gelatin has emerged as a promising
candidate because of its excellent film-forming ability, biodegradability, optical
transparency, hydrophilic functional groups, and facile solution processability. The
presence of amino, carboxyl, and hydroxyl groups in gelatin can contribute to improved
interfacial adhesion and trap-state modulation at the metal/semiconductor contact
(Jiang, et. al., 2024). To further enhance the optoelectronic performance of gelatin-
based interlayers, the incorporation of metallic nanoparticles has become an attractive
approach. Silver nanoparticles (Ag NPs) are particularly interesting due to their high
electrical conductivity, localized surface plasmon resonance (LSPR), strong visible-
light interaction, and ability to promote efficient charge separation and transport. When
embedded into a gelatin matrix, Ag nanoparticles can create a hybrid nanocomposite
interlayer combining the mechanical and chemical advantages of the biopolymer with
the plasmonic and conductive benefits of metallic nanostructures. Such synergistic
effects may lead to reduced barrier inhomogeneity, enhanced photogenerated carrier
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collection, broadened spectral response, and faster photo-switching behavior (Lee, et.
al., 2022).

Although various interfacial-layer-assisted silicon photodiodes have been
reported in the literature, studies focusing on gelatin-based plasmonic bio-
nanocomposite interfaces remain very limited. More importantly, previous reports have
predominantly concentrated on improving the electrical and optical characteristics of
photodiodes, whereas the integration of photodetection performance and antibacterial
functionality within a single silicon-based platform has rarely been addressed. In this
respect, the present work introduces a distinctive Au/Gelatin NP/p-Si/Al hybrid
photodiode architecture, where gelatin serves as a biodegradable and biocompatible
interfacial matrix and Ag nanoparticles provide both plasmonic optoelectronic
enhancement and antimicrobial activity. The originality of this study lies not only in
employing a sustainable gelatin NP hybrid interlayer for Schottky photodiode
fabrication, but also in systematically correlating its structural, optical, electrical, and
antibacterial characteristics under dark and illuminated conditions. The obtained results
demonstrate that the proposed hybrid structure simultaneously offers enhanced
photoresponse, high detectivity, and light-assisted antibacterial activity, thereby
presenting a promising multifunctional platform for next-generation self-sterilizing
optoelectronic devices and bio-integrated sensing applications.

Materials and Methods
Preparation of Gelatin: Ag NP Nanocomposite Interfacial Layer

Gelatin used in this study is a natural biopolymer commonly obtained through
the partial hydrolysis of collagen-rich animal connective tissues such as bovine skin,
fish skin, bones, and tendons. During this process, the triple-helix collagen structure is
converted into water-soluble polypeptide chains containing abundant amino, carboxyl,
and hydroxyl functional groups. Owing to its biodegradability, non-toxicity, excellent
film-forming capability, and surface-active functional moieties, gelatin is considered a
highly attractive material for interfacial engineering in optoelectronic devices. For
nanocomposite preparation, an appropriate amount of gelatin powder was first dissolved
in deionized water under continuous magnetic stirring at 40-50 °C until a clear and
homogeneous viscous solution was obtained. The moderate heating temperature ensured
complete dissolution of gelatin without structural degradation. After complete
dissolution, the solution was allowed to stabilize while maintaining continuous stirring.
Subsequently, Silver nanoparticles (Ag NPs) or a precursor silver salt dispersion was
gradually introduced into the gelatin solution under vigorous stirring. The nanoparticle
loading concentration was adjusted according to the desired optical and electrical
properties of the interfacial layer. The mixture was then stirred for an additional period
to promote uniform nanoparticle distribution throughout the gelatin matrix. To
minimize agglomeration and improve nanoscale dispersion, the resulting suspension
was further treated in an ultrasonic bath. Sonication facilitated homogeneous
incorporation of Ag nanoparticles into the polymer network and improved the stability
of the colloidal nanocomposite solution. Finally, the prepared Gelatin:Ag NP solution
was cooled to room temperature and filtered to remove large aggregates. The obtained
stable and homogeneous bio-nanocomposite solution was then used for deposition onto
the p-Si substrate as an interfacial layer in the Au/Gelatin:Ag NP/p-Si/Al photodiode
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structure. The hybrid layer combines the passivation and adhesion properties of gelatin
with the plasmonic conductivity enhancement provided by Ag nanoparticles, making it
highly suitable for multifunctional optoelectronic applications.

Fabrication Au/Gelatin:Ag NP/p-Si/Al Photodiodes

Prior to device fabrication, the p-type silicon (p-Si) wafers with (100)
orientation and a resistivity of 1-10 Q-cm were cleaned using a conventional RCA-
based surface treatment procedure to remove organic and inorganic contaminants
(Caldiran, et. al., 2021). Initially, the substrates were ultrasonically cleaned in acetone,
ethanol, and deionized water for 10 min each. The samples were then dried under
nitrogen flow. To remove the native oxide layer, the wafers were immersed in diluted
HF solution (2%) for 1 min, rinsed thoroughly with deionized water, and dried
immediately (Deniz, et. al. 2013). For the formation of the rear ohmic contact,
aluminum (Al) was thermally evaporated onto the unpolished backside of the p-Si
wafers under a vacuum pressure of approximately 2 x 10 Torr. The Al-coated
substrates were subsequently annealed at 500 °C for 5 min in a nitrogen atmosphere to
improve contact adhesion and establish stable ohmic behavior. Afterward, the
previously prepared Gelatin:Ag NP nanocomposite solution was deposited onto the
polished front surface of the cleaned p-Si substrates via the spin-coating technique.
Approximately 100 pL of the solution was dropped onto each substrate, followed by
spinning at 3000 rpm for 60 s to obtain a uniform thin interfacial layer. The coated
samples were then soft-baked at 80 °C for 10 min to remove residual solvent and
enhance film adhesion. Subsequently, circular gold (Au) top contacts with a diameter of
approximately 1.5 mm were deposited through a shadow mask onto the coated surface
using a thermal evaporation system under a vacuum pressure of 1 x 10~° Torr. ,

Fabrication of Au/ :Ag NP/p-Si/Al P

1. p-Si Substrate 2. Al Back Contact 3. Spin Coating of 4. Au Top Contact 5. Completed Device
Cleaning Deposition Gelatin:Ag NP Layer Deposition

.. J2ad Bl ) - -~ " -

ation of Al Spin coating parameters Thermal evaporation of Au
o

Energy (V)

e o

Final Structure. AulGelatin:Ag NP/p-Si/ Al Photodiode

Figure 1. Schematic fabrication process, device architecture, and energy band diagram of the
Au/Gelatin: Ag NP/p-Si/Al photodiode.

The effective contact area of the device was defined by the shadow mask geometry. The
final device configuration was Au/Gelatin:Ag NP/p-Si/Al, where Au served as the
Schottky contact, the Gelatin:.Ag NP nanocomposite acted as the multifunctional
interfacial layer, p-Si functioned as the photoactive semiconductor substrate, and Al
provided the rear ohmic contact. The fabricated photodiodes were kept under ambient
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laboratory conditions before electrical characterization. Dark and illuminated current—
voltage (I-V) measurements were then carried out to investigate the rectification
behavior, photoresponse characteristics, and charge transport properties of the devices.
The Figure 1 illustrates the step-by-step fabrication route of the Au/Gelatin:Ag NP/p-
Si/Al photodiode,

Results and Discussion
Morphological analysis of Gelatin:Ag NP thin film

Figure 2 presents the surface morphology of the synthesized Gelatin:Ag NP
nanocomposite layer obtained by scanning electron microscopy (SEM). As shown in
Figure 2(a), the gelatin matrix exhibits a relatively continuous and interconnected
surface structure, indicating successful film formation on the substrate. Bright spherical
features distributed throughout the surface correspond to embedded Silver nanoparticles
(Ag NPs), confirming their effective incorporation into the biopolymer matrix. The
nanoparticles are well dispersed over the gelatin network with only minor local
aggregation, suggesting favorable compatibility between the gelatin chains and Ag
nanostructures. The higher-magnification SEM image in Figure 2(b) reveals that the Ag
nanoparticles possess predominantly quasi-spherical morphology and are anchored
uniformly onto the gelatin surface. Such homogeneous dispersion is highly beneficial
for interfacial charge transport, since conductive nanoparticle pathways can facilitate
carrier extraction while minimizing localized recombination centers. In addition, the
nanoscale roughness introduced by the Ag NPs may enhance light scattering and optical
absorption within the active photodiode structure. The particle size histogram shown in
Figure 2(c) indicates that the Ag nanoparticles exhibit a relatively narrow size
distribution with an average diameter of approximately 18.6 + 6.3 nm. This nanoscale
size regime is particularly advantageous for plasmonic enhancement effects, where
localized surface plasmon resonance can improve the interaction between incident
photons and the semiconductor interface.

SEM Image of Gelatin:Ag NP Nanocomposite

0 AON i O

SEI  20.0kV WD 8.6 mm Mag 50.000 x i 500 nm

Figure 2. SEM micrographs and particle size distribution of the Gelatin:Ag NP nanocomposite thin film.
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The controlled particle size and good dispersion quality are therefore expected to
contribute positively to the photoresponse, responsivity, and detectivity of the fabricated
Au/Gelatin:Ag NP/p-Si/Al photodiode. Overall, the SEM analysis demonstrates that the
prepared Gelatin:Ag NP layer possesses suitable morphological characteristics,
including continuous film coverage, nanoscale particle dispersion, and moderate surface
texturing, making it an effective multifunctional interfacial layer for optoelectronic and
antibacterial device applications.

Figure 3 shows the X-ray diffraction (XRD) pattern of the synthesized
Gelatin:Ag NP nanocomposite layer. A broad diffraction halo centered in the low-angle
region (approximately 15-25°) is observed, which is characteristic of the amorphous
structure of the Gelatin matrix. This broad feature confirms that gelatin predominantly
retains its non-crystalline nature after composite formation and acts as a flexible host
network for nanoparticle incorporation. In addition to the amorphous background,
several distinct diffraction peaks appear at approximately 38.1°, 44.3°, 64.5°, and 77.3°,
corresponding to the (111), (200), (220), and (311) crystallographic planes of face-
centered cubic (fcc) Silver nanoparticles, respectively (Stanley, et. al. 2026). These
reflections are in good agreement with standard silver reference data, confirming the
successful formation of crystalline Ag nanoparticles within the gelatin matrix. The
strong intensity of the (111) peak suggests that this plane is the preferential growth
orientation of the embedded Ag nanocrystals. No additional impurity-related diffraction
peaks are detected, indicating the high phase purity of the synthesized nanocomposite
and the absence of undesired silver oxide or secondary crystalline phases (Hinaz, et. al.
2026). This result demonstrates that the preparation method enables stable nanoparticle
formation without degrading the structural integrity of the biopolymer host.

XRD Pattern of Gelatin:Ag NP Nanocomposite
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Figure 3. XRD pattern of the Gelatin:Ag NP nanocomposite thin film.
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The average crystallite size of the Ag nanoparticles, estimated from the full width at
half maximum (FWHM) of the dominant (111) peak using the Scherrer approach, is
approximately 18.2 + 2.1 nm. This value is in close agreement with the particle
dimensions observed in SEM analysis, confirming the nanoscale character of the
metallic phase. Overall, the XRD results verify that the prepared Gelatin:Ag NP layer
consists of well-dispersed crystalline Ag nanoparticles embedded in an amorphous
gelatin framework. Such a hybrid structure is highly favorable for photodiode
applications, where the gelatin matrix can improve interfacial passivation while the
crystalline Ag nanoparticles can enhance electrical conductivity and plasmon-assisted
photoresponse.

Figure 4 presents the optical characterization of the synthesized Gelatin:Ag NP
nanocomposite layer through UV-Vis absorption spectroscopy and Tauc band gap
analysis. The UV—-Vis absorption spectrum reveals a strong absorption feature in the
ultraviolet region below approximately 300 nm, which is mainly attributed to the
intrinsic electronic transitions of the peptide bonds and functional groups present in the
Gelatin matrix. This pronounced UV absorption indicates that the biopolymer host can
effectively interact with high-energy photons. A distinct and broad absorption band
centered at approximately 410 nm is clearly observed in the visible region. This band
corresponds to the LSPR of embedded Silver nanoparticles (Ag NPs), confirming their
successful formation and homogeneous dispersion within the gelatin matrix. The
presence of this plasmonic feature demonstrates strong light—matter interaction induced
by the nanoscale metallic particles, which can be highly beneficial for enhancing optical
harvesting and interfacial carrier generation in photodiode applications. The gradual
decrease in absorbance toward longer wavelengths suggests relatively low nanoparticle
aggregation and good optical stability of the nanocomposite film. Such behavior also
indicates that the composite layer preserves sufficient optical transparency in the visible
and near-infrared regions, which is advantageous for interfacial optoelectronic device
integration.

UV-Vis Absorption Spectrum and Tauc Plot of Gelatin:Ag NP Nanocomposite
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Figure 4. UV-Vis absorption spectrum and Tauc plot of the Gelatin:Ag NP nanocomposite thin film.
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The optical band gap of the nanocomposite was estimated using the Tauc method from
the linear region of the (ahv)? versus hv plot, as shown in the inset (Dogru, et. al. 2023).
The extrapolation of the fitted linear section to the photon energy axis yields a direct
optical band gap value of approximately 3.21 eV. This band gap value suggests that the
nanocomposite maintains semiconducting optical characteristics while benefiting from
the plasmonic contribution of Ag nanoparticles.

Antibacterial Activity Analysis of the Au/Gelatin:Ag NP/p-Si/Al Photodiode

The antibacterial properties of the fabricated Au/Gelatin:Ag NP/p-Si/Al
photodiode were evaluated against representative Gram-negative and Gram-positive
bacterial strains, namely Escherichia coli and Staphylococcus aureus, using the agar
diffusion (zone of inhibition) method. This analysis aims to investigate the bioactive
functionality of the Gelatin:Ag NP interfacial layer in addition to its optoelectronic
performance. For the antibacterial tests, bacterial suspensions were prepared and
uniformly spread onto nutrient agar plates. The fabricated samples were then placed
onto the inoculated surfaces and incubated at 37 °C for 24 hours. After incubation, clear
inhibition zones formed around the samples were measured to quantify antibacterial
activity. The results demonstrated that the Au/Gelatin:Ag NP/p-Si/Al structure exhibits
significant antibacterial activity against both tested bacterial strains. A more pronounced
inhibition zone was observed for Escherichia coli compared to Staphylococcus aureus,
which can be attributed to differences in cell wall structure between Gram-negative and
Gram-positive bacteria. The thinner peptidoglycan layer in Gram-negative bacteria
facilitates easier penetration of antibacterial agents, leading to enhanced susceptibility
(Koh & Kim. 2025).

The observed antibacterial effect is primarily associated with the presence of
Silver nanoparticles embedded within the gelatin matrix. Ag nanoparticles are well
known for their strong antimicrobial activity, which arises from multiple mechanisms.
These include the release of Ag" ions, disruption of bacterial cell membranes,
interaction with intracellular proteins and DNA, and the generation of reactive oxygen
species (ROS). The gelatin matrix acts as a stabilizing and dispersing medium, ensuring
uniform distribution of Ag nanoparticles and sustained antibacterial activity. In
addition, the intimate contact between the nanocomposite layer and bacterial cells may
enhance surface-mediated interactions, further contributing to bacterial inactivation. The
synergistic combination of gelatin and Ag nanoparticles thus provides both structural
support and bioactivity, resulting in an effective antibacterial interface (Leelanarathiwat,
et. al. 2020). Overall, the results confirm that the Au/Gelatin:Ag NP/p-Si/Al photodiode
possesses dual functionality, combining efficient photodetection capability with strong
antibacterial performance. This multifunctional behavior makes the device a promising
candidate for applications in bio-integrated optoelectronics, medical sensing platforms,
and environmentally sustainable antimicrobial technologies (Agrawal, et. al. 2025).

Figure 5 presents the antibacterial performance of the fabricated Au/Gelatin:Ag
NP/p-Si/Al photodiode evaluated under dark, 365 nm UV, and visible-light illumination
conditions against representative Gram-negative and Gram-positive bacterial strains,
namely Escherichia coli  and Staphylococcus aureus. The multi-panel figure
demonstrates the light-dependent enhancement of antibacterial activity and reveals the
multifunctional nature of the fabricated device. Panel (a) shows representative agar
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diffusion photographs for both bacterial strains under different illumination
environments. Clear inhibition zones are observed around the samples in all cases,
confirming the intrinsic antibacterial activity of the Gelatin:Ag NP interfacial layer.
However, the inhibition diameters significantly increase under light exposure, especially
under 365 nm UV illumination. For Escherichia coli , the inhibition zone increases from
9.2 mm in darkness to 16.8 mm under UV light, while for Staphylococcus aureus it
increases from 7.1 mm to 13.4 mm. These results indicate that photoactivation
substantially improves bacterial suppression efficiency. Panel (b) summarizes the
measured inhibition zone diameters. In all illumination conditions, the antibacterial
effect against Escherichia coli is higher than that against Staphylococcus aureus. This
difference is attributed to the thinner peptidoglycan layer and more permeable outer
membrane structure of Gram-negative bacteria, which allows easier penetration of Ag*
ions and reactive species. Panel (c) compares the bacterial inhibition percentages
extracted from colony reduction measurements. The highest inhibition efficiencies are
obtained under 365 nm UV illumination, reaching 81.6% for Escherichia coli and
69.3% for Staphylococcus aureus.
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Figure 5. Comparative antibacterial activity of the Au/Gelatin:Ag NP/p-Si/Al photodiode under dark, 365
nm UV, and visible-light illumination conditions.

Visible light also provides strong antibacterial enhancement compared with the dark
condition, demonstrating that the Ag nanoparticle-containing structure can be activated
not only by UV photons but also by visible-light plasmonic interactions. Panel (d)
schematically illustrates the proposed antibacterial mechanism. In darkness, moderate
antibacterial activity mainly originates from the natural antimicrobial effect of
embedded Silver nanoparticles through Ag® ion release and membrane disruption.
Under 365 nm UV illumination, photogenerated electron—hole pairs and intensified
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ROS formation produce severe oxidative stress, resulting in the strongest antibacterial
effect. Under visible-light illumination, LSPR of Ag nanoparticles enhances charge
separation and ROS generation, yielding substantial antibacterial activity, although
lower than that observed under UV light (Yao, et. al. 2022). Overall, the results confirm
that the Au/Gelatin:Ag NP/p-Si/Al device exhibits dual functionality by combining
efficient photodetection capability with light-enhanced antibacterial performance. Such
multifunctional behavior makes the device highly promising for self-sterilizing sensors,
biomedical optoelectronics, antimicrobial smart surfaces, and next-generation
sustainable photonic systems.

Analysis of Electrical and Optical Properties of Photodiode

The illumination-dependent electrical properties of the fabricated Au/Gelatin:Ag
NP/p-Si/Al photodiode were systematically investigated using semi-logarithmic
current-voltage (I-V) measurements together with thermionic emission (TE) theory
(Caldiran, et. al. 2025) and Cheung function (Hemdani, et. al. 2026) analyses. The
extracted diode parameters are summarized in Table 1, while the corresponding semi-
log I-V and dV/dIn(l)-1 plots are presented in Figure 7. These complementary
approaches provide comprehensive insight into the carrier transport mechanism, barrier
modulation, and resistive behavior of the hybrid bio-nanocomposite photodiode under
optical excitation. The semi-logarithmic -V curves (Figure 6) clearly reveal that the
device exhibits pronounced rectifying characteristics under all illumination conditions,
confirming the successful formation of a Schottky junction between the Au top contact
and the Gelatin:Ag NP modified p-Si substrate. In the forward-bias region, the current
increases exponentially, whereas in the reverse-bias region the current remains
relatively low in darkness and increases progressively with light intensity due to the
generation of photocarriers. This behavior demonstrates efficient light sensitivity and
charge separation capability of the interfacial nanocomposite layer (Seving, et. al.
2026).

The n and zero-bias ®, were determined from the linear region of the forward-
bias semi-log I-V plots according to the TE model. The obtained n values increase from
1.17 in darkness to 3.05 at 100 mW cm™2, while @y, decreases from 0.87 eV to 0.62 eV
with increasing illumination power. The near-unity ideality factor in darkness suggests
relatively good junction quality and dominant thermionic emission transport. However,
the gradual increase in n under illumination indicates increasing deviation from ideal
diode behavior, which can be attributed to interface states, recombination processes,
barrier inhomogeneity, trap-assisted transport, and interfacial polarization effects within
the Gelatin:Ag NP layer (Deniz, 2021). The continuous reduction in barrier height with
illumination indicates effective light-induced barrier lowering. Incident photons
generate electron—hole pairs near the depletion region, thereby modifying the interfacial
electric field and facilitating carrier transport across the Schottky barrier (Izmirli &
Cavdar, 2025). In addition, the presence of Ag nanoparticles may contribute through
localized surface plasmon resonance effects, enhancing local electromagnetic fields and
promoting more efficient photocarrier generation and extraction (Farbod, et. al. 2021).

A more detailed interpretation of the illumination-dependent transport
parameters can be explained by considering the interfacial conditions at the Au/Gelatin
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NP/p-Si junction. The increase in the ideality factor from 1.17 in darkness to 3.05 under
illumination indicates a gradual deviation from ideal thermionic-emission-dominated
transport. This behavior is mainly attributed to interface-state-assisted recombination,
barrier inhomogeneity, and polarization effects originating from the hybrid gelatin NP
interfacial layer. Under illumination, the concentration of photogenerated carriers near
the depletion region increases significantly, and a fraction of these carriers can be
temporarily captured by localized trap states associated with functional groups of
gelatin and nanoparticle/matrix boundaries. Such trapping—detrapping processes
increase recombination probability and introduce non-ideal transport pathways,
resulting in higher ideality factor values (Tasyiirek, et. al. 2022). Furthermore, the
decrease in barrier height from 0.87 eV to 0.62 eV can be associated with illumination-
induced barrier lowering. Incident photons generate electron-hole pairs that alter the
electric field distribution across the depletion region and reduce the effective Schottky
barrier. In addition, the plasmonic Ag nanoparticles can intensify the local
electromagnetic field through localized surface plasmon resonance, promoting more
efficient photocarrier generation and extraction at the interface. The combined
contribution of charge trapping, barrier inhomogeneity, interfacial polarization, and
plasmon-assisted carrier transport therefore explains the observed illumination-
dependent increase in ideality factor together with the reduction in barrier height
(Yesildag, et. al. 2021).

The R values were extracted from the slope of the linear regions in the Cheung
dV/dIn(l) functions. The linear behavior of these plots confirms the validity of Cheung’s
formalism for the fabricated device. The variation of R with increasing illumination is
associated with changes in carrier mobility, current crowding, space-charge
accumulation, and scattering phenomena within the hybrid interfacial layer. These
resistive effects become more pronounced at higher illumination intensities where
carrier density increases substantially (Kagus, et. al. 2014). The rectification ratio
measured at +2 V decreases from 167.0 in darkness to 72.8 at 100 mW cm2. Although
the ratio decreases under illumination, the device still preserves clear diode-like
rectifying behavior. This reduction mainly originates from the significant increase in
reverse-bias photocurrent, which is a desirable characteristic for photodetector
applications because it reflects efficient photocharge collection under reverse electric
field conditions (Orhan, et. al. 2024). Overall, the combined TE and Cheung analyses
demonstrate that illumination strongly modifies the transport parameters of the
Au/Gelatin:Ag NP/p-Si/Al photodiode. The reduction in barrier height, enhanced
reverse photocurrent, and maintained rectification behavior confirm that the Gelatin:Ag
NP interfacial layer effectively improves photoresponse while preserving junction
functionality (Karabulut, et. al. 2026). These results indicate that the fabricated device is
a promising multifunctional and sustainable candidate for next-generation silicon-based
photodetector applications.
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Figure 6. Semi-logarithmic 1-V characteristics of the Au/Gelatin:Ag NP/p-Si/Al photodiode under dark
and various illumination intensities (T = 300 K).

Table 1. Electrical parameters of Au/Gelatin:Ag NP/p-Si/Al structure under different light intensities

Light Power (mW/cm?) n @, (eV) Rectification ratio (£ 2V)
Dark 1.17 0.87 167.0
20 1.24 0.82 135.3
40 1.56 0.78 117.2
60 2.15 0.74 99.0
80 2.43 0.69 84.4
100 3.05 0.62 72.8

The electrical parameters obtained from thermionic emission (TE) and Cheung analyses
show overall good agreement, confirming the reliability of the extracted diode
characteristics. Minor differences between the two methods are expected because they
are based on different regions of the forward-bias 1-V characteristics. The TE model
mainly reflects the low- and moderate-bias transport region, where thermionic emission
is dominant and the influence of series resistance is relatively weak. In contrast, Cheung
analysis is more sensitive to the higher-current region, where series resistance, barrier
inhomogeneity, and interface-related non-ideal effects become more pronounced.
Therefore, the slight deviations between the TE and Cheung results can be attributed to
the hybrid Gelatin NP interfacial layer, localized interface states, and illumination-
dependent resistive contributions across the Au/Gelatin NP/p-Si/Al structure (Erdogan,
et. al. 2024).
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Figure 7. dV/dIn(l) versus | characteristics of the Au/Gelatin:Ag NP/p-Si/Al photodiode under dark and
different illumination intensities at 300 K.

Figure 8 presents the light-intensity-dependent photocurrent characteristics of
the Au/Gelatin:Ag NP/p-Si/Al photodiode measured under a reverse bias voltage of —2
V. The photocurrent (l,n) values were calculated from the difference between the
illuminated current (lijum) and dark current (lgar) measured at the same applied voltage
using the following expression (Fidan, et. al. 2021):

loh = lium = lganc (1)

This approach provides the net photo-generated current by excluding the intrinsic dark
conduction component of the device. As shown in Figure 8(a), the photocurrent
increases steadily with increasing light power density from 20 to 100 mW cm?2,
demonstrating efficient photocarrier generation and collection within the device
structure. The enhanced Iy, values under reverse bias indicate that the internal electric
field effectively separates photogenerated electron—hole pairs and suppresses carrier
recombination. The presence of the Gelatin:Ag NP interfacial layer is believed to
contribute positively through improved interfacial transport, surface passivation, and
plasmon-assisted light harvesting (Balasubramani, et. al. 2021). Figure 8(b) shows the
loglpn versus logP relationship, which follows the well-known power-law dependence:

ln = AP*  (2)

where A is a proportionality constant and a is the photoresponse exponent determined
from the slope of the linear fit. From the fitted data, the slope was calculated as: o =
0.97. An a value close to unity indicates that the photocurrent response is nearly linear
with incident light intensity, reflecting efficient carrier generation and minimal trap-
limited recombination processes. This suggests that most absorbed photons contribute
effectively to measurable photocurrent and that the device exhibits stable intensity-

31



Dogu Fen Bilimleri Dergisi / Journal of Natural & Applied Sciences of East 9(1): 19-38 (2026)

Arastirma Makalesi / Research Article

dependent behavior. Values of a significantly lower than unity are generally associated
with defect-mediated trapping, recombination centers, or non-uniform transport
pathways (Uzun, et. al. 2026). Therefore, the obtained a = 0.97 confirms the high
photoresponse quality of the fabricated photodiode and indicates that the Au/Gelatin:Ag
NP/p-Si/Al structure possesses low trap influence and good photoconductive
performance. Overall, the results demonstrate that the fabricated device exhibits strong
reverse-bias photocurrent generation, near-linear power sensitivity, and reliable
optoelectronic performance, making it a promising candidate for high-performance
photodetector and optical sensing applications.
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Figure 8. (a) Photocurrent versus light power density and (b) logl,, versus logP characteristics of the
Au/Gelatin: Ag NP/p-Si/Al photodiode at —2 V.

Figure 9 shows the variation of responsivity of the Au/Gelatin:Ag NP/p-Si/Al
photodiode as a function of incident light power density under a reverse bias voltage of
—2 V. Responsivity is one of the most important photodetector performance parameters,
representing the electrical output current generated per unit incident optical power. The
responsivity values were calculated using the relation (Ulutas & Deniz, 2026):

R=In/PA (3)

Thus, the calculated R values directly reflect the photo-conversion efficiency of the
fabricated photodiode. As presented in Figure 9(a), the responsivity increases
systematically with increasing light power density from 20 to 100 mW cm 2. This trend
indicates that the Gelatin:Ag NP interfacial layer effectively enhances photon
absorption and facilitates efficient separation and transport of photogenerated charge
carriers (Erdogan, et. al. 2025). The gradual increase in R also suggests that carrier
recombination losses remain limited over the investigated illumination range and that
the device preserves stable photoresponse behavior at higher optical powers. The
improved responsivity can also be associated with the presence of embedded Ag
nanoparticles, which may contribute through LSPR. The plasmonic enhancement can
increase local electromagnetic field intensity near the semiconductor interface, resulting
in stronger light harvesting and more efficient carrier generation (Chaib, et. al. 2026).
Figure 9 (b) presents the logR versus logP plot used to evaluate the power-law
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dependence of responsivity. The experimental data exhibit excellent linearity and follow
the expression:

R=BP" (4)

where B is a proportionality constant and f is the slope of the fitted line. From the linear
fit, the exponent was determined as: B = 0.42. The positive B value confirms that
responsivity increases with incident power density. This behavior indicates that the rate
of photocurrent generation increases more rapidly than the increase in optical input
power over the measured range. Such a trend may arise from progressive trap filling,
improved carrier collection efficiency, and activation of additional transport pathways at
higher illumination intensities (Enis, et. al. 2025). A B value lower than unity also
implies that the responsivity enhancement occurs in a controlled and stable manner
rather than through abrupt nonlinear gain processes. Therefore, the obtained result
demonstrates balanced photoconductive amplification together with good operational
stability (Abbas, et. al. 2025). Overall, the results confirm that the Au/Gelatin:Ag NP/p-
Si/Al photodiode exhibits increasing responsivity with light intensity, reliable power-
dependent behavior, and efficient photoelectric conversion characteristics.
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Figure 9. (a) Responsivity versus light power density and (b) logR versus logP characteristics of the
Au/Gelatin: Ag NP/p-Si/Al photodiode at —2 V.

Figure 10 illustrates the variation of the specific detectivity (D*) of the Au/Gelatin:Ag
NP/p-Si/Al photodiode as a function of incident light power density under a reverse bias
voltage of —2 V. Specific detectivity is one of the most important performance
parameters of photodetectors, describing the ability of a device to detect weak optical
signals in the presence of electrical noise. A higher D* value indicates superior
sensitivity and lower noise-limited detection threshold. The D" values were calculated
using the standard relation (Soylu, et. al. 2025):

«_ __RJA
b= v2algark (5)
Therefore, the calculated D* values reflect the combined effects of photoresponse

efficiency and electrical noise behavior of the fabricated photodiode. As shown in
Figure 10(a), the specific detectivity increases systematically with increasing light
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power density, reaching the order of 10" Jones at high illumination levels. This trend
demonstrates that the device not only generates higher photocurrent under stronger
illumination but also preserves favorable signal-to-noise characteristics. The increasing
detectivity confirms that the Gelatin:Ag NP interfacial layer effectively enhances carrier
generation, suppresses recombination losses, and supports stable reverse-bias operation
(Olkun, et. al. 2024). The improved D values may also be related to the plasmonic
contribution of Ag nanoparticles dispersed in the gelatin matrix. LSPR can enhance
optical absorption and increase the local electromagnetic field near the semiconductor
interface, thereby promoting more efficient photocarrier generation and extraction
(Murugan, et. al. 2025). Figure 10(b) presents the logD* versus logP relationship, which
follows the empirical power-law expression:

D*'=CP' (6)

where C is a proportionality constant and v is the slope of the fitted line. From the linear
fitting of the experimental data, the exponent was determined as: y=0.36. The positive y
value confirms that the detectivity increases with incident optical power. This behavior
suggests that the gain in photocurrent and responsivity exceeds the influence of dark-
noise components over the investigated illumination range (Talebi & Eshghi, 2024) . A
moderate y value also indicates stable and controlled detectivity enhancement rather
than abrupt nonlinear amplification. Overall, the obtained results reveal that the
Au/Gelatin:Ag NP/p-Si/Al photodiode exhibits high specific detectivity, excellent
power-dependent sensitivity, and reliable low-noise photoresponse behavior (Alarabi,
et. al. 2025). These findings indicate that the fabricated device is a promising candidate
for advanced photodetection, optical communication, and low-intensity sensing
applications.
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Figure 10. (a) Specific detectivity versus light power density and (b) logD* versus logP characteristics of
the Au/Gelatin:Ag NP/p-Si/Al photodiode at —2 V.

Conclusions

A multifunctional Au/Gelatin:Ag NP/p-Si/Al  hybrid bio-nanocomposite
photodiode was successfully fabricated using a simple and cost-effective solution-
assisted process. Structural and morphological analyses confirmed the homogeneous
dispersion of crystalline Ag nanoparticles within the gelatin matrix, providing a suitable
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multifunctional interfacial layer for optoelectronic applications. Optical measurements
revealed strong UV absorption, a distinct plasmonic absorption band near 410 nm, and a
direct optical band gap of 3.21 eV. Electrical measurements demonstrated that the
fabricated device exhibited clear rectifying characteristics and strong photoresponse
under different illumination intensities. The reverse-bias photocurrent increased
significantly with increasing light power density, indicating efficient photogenerated
carrier separation and collection. Thermionic emission and Cheung analyses revealed
illumination-induced transport modulation, where the ideality factor increased and the
barrier height decreased with increasing light intensity. The device also showed
enhanced responsivity and high specific detectivity values in the order of 10™ Jones,
confirming its excellent sensitivity toward weak optical signals. The nearly linear
photocurrent-power relationship (o = 0.97) and positive responsivity/detectivity
exponents (B = 0.42, y = 0.36) demonstrated stable and reliable power-dependent
photodetection behavior. Furthermore, antibacterial experiments confirmed effective
inhibition against both Gram-negative and Gram-positive bacteria, with the highest
activity observed under UV illumination due to photoinduced ROS generation and
plasmon-assisted Ag nanoparticle activation. In summary, the Au/Gelatin:Ag NP/p-
Si/Al photodiode combines sustainable materials, high photodetection efficiency, and
light-assisted antibacterial functionality within a single platform. These results indicate
that the proposed hybrid device is a strong candidate for future self-sterilizing sensors,
biomedical optoelectronics, environmental monitoring systems, and advanced
multifunctional photonic technologies. Unlike conventional silicon photodiodes
reported in the literature, the present Au/Gelatin:Ag NP/p-Si/Al device uniquely
combines sustainable bio-derived interfacial engineering, enhanced photodetection
capability, and light-assisted antibacterial functionality within a single multifunctional
platform.
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Abstract

In this study, a NodeMCU-based, web-controlled, and dynamically configurable multi-input
AND gate platform was developed and evaluated experimentally. The system consists of eight
independent AND gates, each configurable between 2—-128 inputs. Users can define inputs and inter-gate
connections via the web interface; the selected gate is evaluated through client-side logical updating,
while the NodeMCU performs the measurement routine and server-side request handling. In addition,
microcontroller processing time (pus) and end-to-end total time (ms) were examined together. The results,
based on a total of 1280 measurement records, showed that the NodeMCU-side measured processing time
steadily increased as the number of inputs increased. The mean time was 149.71 ps for 2 inputs and
15895.09 us for 128 inputs; the linear fit coefficient was R = 0.971. The findings demonstrate a small-
scale experimental study of the physical measurement and data-processing behavior of the developed
platform.

Keywords: NodeMCU, Logic, AND gate, data analysis

Fiziksel Olciim ve Tetikleme icin Cok Girisli VE Kapisi

Ozet

Bu ¢alisgmada, NodeMCU tabanli, web kontrollii ve dinamik giris sayisina sahip ¢ok portlu bir VE
kapisi platformu gelistirilmis ve deneysel olarak degerlendirilmistir. Sistem, her biri 2-128 girig arasinda
yapilandirilabilen sekiz bagimsiz VE kapisindan olugmaktadir. Kullanicilar, web arayiizii iizerinden
girisleri ve kapilar arasindaki baglantilari tanimlayabilir; segilen kapi istemci tarafindaki mantiksal
giincelleme ile degerlendirilirken NodeMCU o6lgiim rutinini ve sunucu tarafli istek isleme siirecini
gerceklestirir. Ek olarak, mikrodenetleyici islem siiresi (pus) ve ugtan uca toplam siire (ms) birlikte
incelenmistir. Toplam 1280 metrik kayda dayali sonuglar, NodeMCU tarafinda 6l¢iilen islem siiresinin
giris sayisi arttikga siirekli olarak arttigini gostermistir. Ortalama siire 2 giriste 149,71 ps ve 128 giriste
15895,09 us olmustur; dogrusal uyum katsayisi R? = 0,971'dir. Bulgular, gelistirilen platformun fiziksel
6l¢tim ve veri isleme siireglerinin kiigiik 6lgekli deneysel bir ¢alismasini gostermektedir.

Anahtar Kelimeler: NodeMCU, Mantik, VE kapisi, veri analizi
Introduction

Digital logic gates are one of the fundamental processing units in the background
of modern physics experiments. Although a logic gate is considered as a decision
structure based on two logical values, 0 and 1, at the abstract level, it plays a functional
role in many physical processes such as triggering, data selection, event verification,
event time recording, threshold value control, and real-time control (Pasztor, 2022;
Nash et al., 2024; Galli et al., 2019; Khachatryan et al., 2017). Direct technical
counterparts of this logic are seen in structures such as particle detector electronics,
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front-end processing, discriminators, time-digital converters, and trigger decision
circuits (Riu, 2017; Nessi et al., 2003; Ambrosi et al., 2021; Spieler, 2003).

In particle physics, processing data from many detectors in a short time,
maintaining system stability in gravitational wave detectors, and maintaining data
quality at high count rates in nuclear spectroscopy are important technical requirements.
Digital logic and embedded or programmable hardware structures play an important
role in meeting these requirements (Sullivan et al., 2023; Bartos et al., 2010; Yii et al.,
2009; Zeynalova et al., 2009). FPGA-based solutions are widely used in physics
infrastructures due to low latency, high parallelism, and reconfigurability (Wirthlin,
2015; Summers et al., 2024; Duarte et al., 2018).

Within this framework, multi-input AND gate constructs are not just abstract
instances that can be considered at the truth table level but are logical decision
constructs that oversee the simultaneous fulfillment of multiple conditions. These
structures, which control the provision of all conditions at the same time, play an
important role in processes such as event acceptance, co-evaluation of multiple
conditions, monitoring of safety states, synchronization and verification of trigger
conditions in physics experiments (Nessi et al., 2003; Mizukami, 2020; Hennig ve
Hoover 2021; Real et al., 2026). Therefore, studying multiple-input AND logic on an
experimental and measurable platform is meaningful not only in terms of numerical
design but also in terms of understanding physical decision structures (Hennig et al.,
2018; Livingstone et al., 2021).

The main objective of this work is to realize the multiple-input AND logic on a
web-based, reconfigurable, and experimentally measurable useful platform. Thus, the
conceptual relationship between the calculation behavior of the system and the physical
measurement and triggering processes becomes more concretely discussable. The
developed system departs from classical fixed-input logic structures and offers a wider
experimental investigation area with eight independent gates, each configurable
between 2-128 inputs (Chowdhury et al., 2020; ATLAS Collaboration, 2024).

Uses of Digital Logic Gates in Physics

The use of digital logic gates in physics often does not appear as a direct logic
gate; However, many functions such as triggering, event selection, data framing, time
matching, and evaluation of control conditions are based on logical operations.
Accordingly, some example areas reflecting the role of digital logic in physical
measurement and control infrastructures are discussed below (Bianchini et al., 2018;
Milshtein, 2023; Harmand et al., 2013).

Triggering and event selection in particle physics

One of the key requirements in high-energy physics experiments is that the large
data stream from the detectors must be processed in very short periods of time, and only
physically meaningful events must be recorded. For this purpose, first-level trigger
systems evaluate the information coming from many detectors with fixed-latency
logical decision mechanisms (Pasztor, 2022; Nash et al., 2024; Nessi et al., 2003;
Mizukami, 2020; Chowdhury et al., 2020). CMS Phase-2 Level-1 trigger architecture
and ATLAS Level-1 trigger structure are the strongest examples of this approach in
terms of selecting events within short delays and combining information from
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subsystems into a central decision structure (Galli et al., 2019; Khachatryan et al., 2017;
ATLAS Collaboration, 2024).

In such systems, AND, OR, and more complex logical join blocks do not remain
just a numerical abstraction; they also function as the basic components of hardware
decision structures that determine the conditions under which a physics event will be
accepted (Riu, 2017; Nessi et al., 2003; Wirthlin, 2015; Summers et al., 2024). In
addition, in current trigger systems, low-latency machine learning applications running
within the FPGA have become a part of real-time event selection in addition to classical
logic blocks (Duarte et al., 2018).

Gravitational wave detectors and real-time control

Gravitational wave detectors are systems in which extremely small displacements
are measured and closed-loop control is critical. In the technical documents published
on the Advanced LIGO timing system, it is stated that UTC-compliant timestamps, time
distribution infrastructure, and secondary timing mechanisms for diagnostic purposes
are the basic components of the system (Sullivan et al., 2023; Bartos et al., 2010). This
structure is essential not only for data recording but also for accurate timing of physical
events and consistent decision generation across subsystems (Yii et al., 2009).

Within this framework, digital logic gates and their combinations on the FPGA
play crucial roles not only for data routing purposes but also in realizing functions such
as locking processes, control stability, and real-time physical measurement feedback
(Zeynalova et al., 2009; Hennig et al., 2018; Livingstone et al., 2021). This assessment
shows that logic structures in high-precision measurement systems cannot be considered
separately from the control infrastructure (Milshtein, 2023).

Nuclear spectroscopy and digital pulse processing

In the technical documents published by the International Atomic Energy Agency,
it is emphasized that the transition from analog processing chains to digital pulse
processing approaches in nuclear spectrometry systems has achieved significant gains
(Yii et al., 2009; Zeynalova et al., 2009). Thanks to digital pulse processing, higher data
processing capacity can be achieved, more stable operating conditions can be provided
against temperature and noise changes, and system performance can be maintained at
high counting rates (Harmand et al., 2013; Lemke et al., 2015).

In this field, digital logic blocks are used in functions such as decision-making
based on threshold value, defining time windows, defining concurrent event conditions,
framing data, and event acceptance. Therefore, multi-input logic constructs are directly
related to physical requirements based on the combined evaluation of multiple
conditions, especially in multi-channel nuclear measurement setups (Hu et al., 2023;
Bui et al., 2022). Assessments of FPGA use in the nuclear field also support this trend
(Liu et al., 2024).

Synchronization and co-triggering in distant detector systems
As radiation detectors physically move away from each other, it becomes more

difficult to reliably and simultaneously distribute clock signals and trigger signals
throughout the system. Studies on White Rabbit-based radiation detector readout
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electronics have shown that high-precision recording of event times, collection of multi-
channel data, and subsequent pulse processing functions are integrated on FPGA-based
hardware (Hennig ve Hoover 2021; Real et al., 2026). In addition, White Rabbit-based
time stamping cards allow the recording of trigger signals with near-nanosane accuracy
(Champion et al., 2017).

In such systems, logic gates undertake essential functions in terms of determining
whether signals from different detectors are related to each other in terms of time and,
accordingly, producing a common trigger decision. Software triggering and
timestamped event matching approaches can be considered as the physical counterpart
of multi-conditional AND logic (Hennig et al., 2018; Livingstone et al., 2021;
Champion et al., 2017).

Photon science, accelerators and atomic time

In technical studies on SLAC and free-electron laser infrastructures, FPGA-based
data acquisition systems, femtosecond-scale timing tools, high-bandwidth control
structures, and concurrent data acquisition infrastructures are discussed in detail
(Bianchini et al., 2018; Milshtein, 2023). Beam arrival time tracers and LCLS-I1I timing
architecture clearly demonstrate the critical role of digital timing and triggering
structures in high-precision photon science experiments (Harmand et al., 2013; Lemke
etal., 2015).

Similarly, in studies on precision time and frequency systems, it is seen that
FPGA-based numerical control structures undertake tasks such as temperature control,
phase locking, automatic tuning, and time reference generation (Hu et al., 2023; Bui et
al., 2022; Liu et al., 2024). This suggests that digital logic functions directly not only in
particle physics and detector systems, but also in atomic time and frequency
infrastructures (Bui et al., 2022; Liu et al., 2024).

Materials and Methods

Multi-Input AND Gate Design

The AND gate is a fundamental combinatorial circuit element of digital logic, a
decision structure that produces an output of 1 only if all inputs are logically 1
simultaneously (Roth et al., 2004). The system consists of an ESP8266-based web
server and a client-side HTML/CSS/JavaScript interface. Fixed IP configuration was
made on the NodeMCU side, the HTTP server was started on port 80, and the home
page and measurement requests were served through separate endpoints.

A total of eight gates are defined in the interface layer. The number of inputs for
each gate can be selected from 2 to 128. Since inputs can be fed from basic variables or
outputs of other gates, the system supports not only independent gates, but also the
modeling of composite logic structures.

On the client side, gate configurations and input states are kept in browser-based
local storage. This preference allows the user configuration to be preserved in case the
page is reopened. However, this structure does not rely on a server-side database, so it is
treated as a local storage mechanism that depends on the device and browser.

In addition, Start Measurement, End Measurement, Clear Measurement buttons
have been added to the interface layer of the system. Thus, it is ensured that the periods
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from the moment the data is applied to the gate inputs to the moment the result is
obtained are recorded in a table. The gate number to be measured can also be selected.

Logical outputs are calculated in multiple rounds on the client side. The structure
used in the code performs successive updates to allow inter-gate dependencies to reach
a stable state. While this approach is practical and functional, it is more of an
engineering-based convergence approach than an algorithm that provides precise
verification for all possible cyclic connections.

In this context, the NodeMCU time reported in this study should not be
interpreted as the execution time of a bare Boolean AND operation alone. During a
measurement request, the ESP8266 also receives the HTTP request, parses the textual
URL and parameter information, processes the selected gate/input configuration,
executes the measurement routine, generates the response content, and returns this
response to the client. Therefore, the measured NodeMCU time represents the
embedded web-server and request-processing load associated with the configurable
AND logic, rather than only the raw logical operation.

Visual Presentation of the Startup Interface

The image of the startup interface seen when first connecting to the system is
given in Figure 1. In this screenshot, eight two-input AND gates, input variables, and
output variables appear simultaneously. The input variables of the gates can be selected
as desired.
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Figure 1. Startup screen when first connecting to the system: eight two-input AND gates, input variables,
and output variables.

Selecting the Number of Inputs per Gate

The number of inputs for each gate can be selected between 2 and 128, which
forms the basis of the parametric and reconfigurable structure of this study. Figure 2
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shows the input-number selection options for gate 1. This image shows that, unlike the
classical logic gate approach with fixed input, the user can define AND gates of very
different sizes through a single interface.
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Figure 2. User selection of the number of inputs per gate.

Modifying Input Variables

Changing the basic input variables between 0 and 1 is one of the basic operations
that reveals the dynamic nature of the system. For this reason, the screenshot show
changing the values by clicking on the input boxes is shown in Figure 3. This figure
illustrates that the interface is not just a static representation but offers a layer of control
that operates in real-time with user interaction.
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Figure 3. User-modification of input variables and updating of the interface.
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Visualization of Input-Output Behavior

In Figure 4, the instantaneous update of the output variables depending on the
change in the input variables is given. Here, it is seen how the output states change in
terms of color and value, especially depending on the selected inputs. This image can be
shown as an example of how the truth table logic reveals its real-time counterpart on the
interface.
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Figure 4. Instant updating of output variables depending on the change in input variables.
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Program Flow Diagram

The program flow diagram of the software developed is given in Figure 5.

L
.

4 N

Perform the initial settings

and prepare the system

. S
& ¢ N

Create the input variables

and gate structures
- ,
. ¢ )
Select the gate inputs

and calculate the outputs

\& -,

Yes
Did the user make a change

or perform a measurement?

v

e D

Receive the new input value

or gate selection information
N >

Keep the screen updated l
and wait for a new operation p ~
Determine the AND result
according to the selected inputs

N >

Is the measurement active?

Record the time information
and update the table

Figure 5. General program flow diagram of the ESP8266-based system.
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Measurement Interface and Data Logging Mechanism

In the developed system, the measurement process is managed through the control
buttons on the user interface. This structure makes it possible to use the system not only
as a simulation tool that generates logic output, but also as a measurement platform that
generates experimental data.

When the "Start Measurement"” button on the interface is activated, the system
switches to measurement mode. If the measurement mode is on, the time measurement
Is automatically started after every change made by the user to the input variables or
every update made to the gate configuration and the results obtained are added to the
measurement table. This approach ensures that data production is carried out
systematically and independently of user interpretation.

When the "End Measurement™ button is used, the system exits the measurement
mode and new measurement records stop being added to the table. Thus, after a certain
set of experiments is completed, the data series can be fixed, and the measurements of
different experimental conditions are prevented from being mixed with each other.

The "Clear Measurement” button deletes all records in the existing measurement
table, creating a clean starting environment for a new series of experiments. Especially
when collecting data repeatedly for different gate numbers or different input numbers,
this button plays a functional role in separating the experimental blocks.

During the measurement, each record is automatically added to the table as a row.
Table columns; It consists of measurement number, gate number, number of inputs,
total time (ms) and NodeMCU time (us) information. Thus, the user can monitor
directly on the table which gate and under which input level the experiment was carried
out.

With the "Copy Table" button on the interface, measurement results can be copied
to the clipboard and transferred directly to spreadsheet software such as Excel. With the
"Save Table" button, all measurement data is exported as a file in CSV format. This
feature ensures that the raw data can then be reused in statistical analysis, graphic
production, and article writing processes.

This data recording mechanism makes the experimental aspect of the developed
platform evident. Because the system does not only visualize multi-input AND logic; At
the same time, it generates reproducible time data depending on the experimental
conditions selected by the user and stores this data in a form that can be transferred to
external analysis environments.

Measurement Methodology

Two different time scales were examined in the study. The first is the total time
between initiating the request sent from the client to NodeMCU and receiving the
response, measured in milliseconds. This magnitude includes not only the computation
time but also client-side preparation operations, data transmission over the network,
network latency, and server-side response process.

The second time magnitude is the NodeMCU-side processing time, which is
measured within the microcontroller-side measurement endpoint. This interval should
not be interpreted as the bare execution time of a single Boolean AND operation or as
the propagation delay of a hardware logic gate. In the implemented ESP8266 web-
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server architecture, the measured interval also includes receiving and parsing the HTTP
request, interpreting textual parameters that represent the selected gate/input
configuration, executing the measurement routine, and producing the server response.
Therefore, this value represents the software and embedded web-server processing load
required to realize and measure the configurable AND logic on the microcontroller.

In the measurement experiments, inputs that were not selected by the user were
processed as logic 0 by the system. This rule was adopted as a deliberate fail-safe and
pedagogical design choice: a channel that is not explicitly selected by the user is treated
as inactive and suppresses output generation. In real physical trigger architectures,
unused channels may instead be treated as don't-care conditions or pulled to logic 1 so
that they do not force the overall AND output to 0. Therefore, the present
implementation should be read as an educational and conservative modeling choice
rather than a universal rule for all detector-trigger infrastructures. Since the focus of this
study is on time behavior, the effect of the number of inputs on the measured processing
time rather than the logical output of the input pattern was evaluated.

Experimental Layout and Data Set

The experimental data set was obtained at input levels 2, 4, 8, 16, 32, 64, 96, and
128 for a total of eight gates. Twenty repeat measurements were taken for each gate and
input-number combination; thus, a total of 1280 records were produced.

This design allows comparison of both the effect of the number of inputs on the
processing time and the magnitude of possible differences between gates. The CSV file
provided by the user was processed, the formal decompositions in the total time column
were converted into a numerical solution, and the dataset was made ready for statistical
analysis.

Results and Discussion
The overall analysis shows that as the number of inputs increases, the processing
time of the NodeMCU increases steadily and strongly. In Table 1, all findings are

collected together and basic statistics are given according to the number of inputs.

Table 1. Findings depending on the number of inputs.

Number of Number of Avg. Avg. total Median total

inputs measurements  NodeMCU (us) Std. NodeMCU (ms) (ms)

2 160 149.71 9.02 111.83 21.80

4 160 205.93 9.47 77.67 19.95

8 160 343.56 11.47 40.90 20.80

16 160 659.74 14.38 35.85 20.80

32 160 1671.42 16.75 80.64 26.50

64 160 5246.68 21.18 51.12 35.60

96 160 10895.27 22.84 62.58 48.35
128 160 15895.09 20.82 77.13 60.95

When Table 1 is examined, it is seen that the average NodeMCU time is 149.71
ps in 2 inputs, while this value is 15895.09 ps in 128 inputs. This increase indicates that
the calculation time increases significantly depending on the number of inputs of the
system.
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Average NodeMCU Processing Time vs. Number of Inputs
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Figure 6. Average NodeMCU processing time based on the number of inputs.
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Figure 7. The median value of the total times measured for each number of inputs
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NodeMCU Processing Time Curves by Gates
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Figure 8. Average NodeMCU time curves by gates.

The coefficient of fit for the linear model established between the mean
NodeMCU time and the number of inputs was found to be R? =0.971. This value shows
that the computational behavior of the system based on the number of inputs is quite
regular.

When the curves are examined according to the gates, it is seen that there are only
small differences between different gates at the same input level. This supports the fact
that the measurements are determined by the number of inputs rather than the gate
number and that the experimental setup is reproducible.

The total time data behaved more variably than the NodeMCU time. Singular high
values were observed especially at some low and mid-input levels. This means that the
total time is not only the NodeMCU-side measured processing time; it can be explained
by the fact that it also reflects the effects of browser processing, network latency, HTTP
transport, and the operating system scheduler.

The findings obtained from this table allow important physical and computational
inferences to be made regarding the time behavior of the system.

The relationship between the increase in the number of inputs and the NodeMCU-
side measured processing time is approximately linear, indicating that the system's
measured software and web-server processing load increases steadily depending on the
number of inputs. This behavior should not be interpreted as the time required for a bare
128-input Boolean AND calculation on an 80 MHz ESP8266 processor. Rather, it
reflects the combined effect of processing the input configuration, handling
HTTP/textual request data, executing the measurement routine and evaluating the
performed AND operation for the selected inputs. In this respect, the software loop and
request-processing structure of the platform exhibit an approximately linear scaling
behavior.
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When evaluated in terms of physical systems, this result is similar to the behavior
of triggering systems that require multiple conditions. Especially in the triggering
mechanisms used in particle physics, many signals must be validated simultaneously for
the event to be accepted. The increase in the number of inputs in such structures may
prolong the decision-generation process, and this tendency is represented
experimentally in this study through the scalable software model.

Another important distinction concerns unused or unselected channels. In
practical detector and trigger systems, channels that are not included in a given trigger
mask can be defined as don't-care inputs or held at logic 1 so that they do not suppress
the coincidence condition. In the present platform, however, unselected inputs are
intentionally modeled as logic 0 to make the user-defined participation of each channel
explicit and to represent an inactive channel as a safe blocking condition. This choice
improves the educational visibility of the interface, although it differs from some high-
performance trigger masking implementations.

Examining the standard deviation values, it is evident that the NodeMCU duration
generally exhibits stable behavior, but minor fluctuations occur as the number of inputs
increases. This suggests that with the increasing processing intensity on the
microcontroller, timing precision may be affected to a limited extent.

A mean and median comparison of the total time values makes it clear that the
system is susceptible to network-based delays. The median values are lower and more
stable than the mean, indicating that extreme values affect the measurement results.
Such deviations can be attributed to delays, especially due to wireless communication,
browser processing times, and the HTTP protocol.

In this context, the difference between NodeMCU time and total time represents
two fundamental concepts encountered in physical measurement systems: intrinsic
transaction latency and system-level latency. This distinction is also critical in large-
scale physics experiments. For example, in triggering systems, not only the calculation
time of the algorithm, but also the data transfer time and synchronization delays
determine the total performance.

In conclusion, this table shows that the developed system is not only a digital
logic application but also provides an experimental platform that allows observing the
basic behaviors of physical measurement and data processing processes through a
small-scale model.

The findings reveal that the developed system is meaningful in terms of showing
how the logical processing load scales on a low-cost embedded platform, rather than
representing the actual hardware trigger delay in physics experiments.

Large-scale trigger and data acquisition systems used in physics are often
implemented with FPGA, ASIC or special-purpose fast processor cards. The ESP8266-
based structure used in this study is not intended to replace these high-performance
infrastructures. However, it is valuable in that it makes it experimentally visible how the
same logical principle increases the processing load as the number of inputs increases.

In particle physics, the acceptance of an event often depends on the simultaneous
satisfaction of multiple conditions; Event decomposition, time window conditions, and
simultaneity analysis in nuclear spectroscopy require similar logical structures; In
gravitational wave and photon science systems, real-time digital decision and control
systems are important. Therefore, the multiple-input AND gate study can be considered
as small-scale experimental modeling of a process that has a direct counterpart in
physical experimental infrastructures.
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The significant difference between the total time and the NodeMCU time also
shows that the concepts of algorithm latency and system latency should be separated in
physical measurement chains. In large experiments, not only calculation; The bus, link
topology, synchronization, buffering, and software layers are also known to determine
the total performance. This study shows that a similar distinction can be clearly
observed in small-scale embedded systems.

Conclusion

In this study, an ESP8266-based, web-controlled multi-input AND gate platform
with dynamic input numbers was developed and evaluated experimentally. The
analysis, based on a total of 1280 measurement records, showed that an increase in the
number of inputs strongly and steadily increased the NodeMCU-side measured
processing time.

The system goes beyond digital logic experiments thanks to its low-cost and
reconfigurable structure; It provides a platform where triggering, concurrency control,
data preprocessing and discrete state modeling problems used in physics can be
discussed experimentally.

In future studies, we will compare other logical structures such as OR, NAND,
NOR and XOR on the same platform; expanding true hardware integration with
physical input/output lines; In addition, repeating the same experimental setup on higher
speed platforms will further increase the scientific value of this study.
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Abstract

The Eastern Anatolia Region is one of Tiirkiye's highest and most strongly continental areas and is
sensitive to temperature change in terms of water resources, snow regime and agriculture. Most existing
studies for the region rely on station data that poorly represent the sparsely instrumented high-altitude
terrain or cover periods shorter than 30 years, and they are often limited to regional averages that cannot
adequately reveal seasonal and provincial spatial differentiation. To address this gap, this study examines
annual and seasonal changes in 2 m air temperature over an ERAS grid masked to the Eastern Anatolia
provincial boundaries during 1950-2025, jointly at the regional, grid-cell and provincial scales. Hourly
t2m data were converted to degrees Celsius; monthly, seasonal and annual means were produced; and
regional averages were computed using cosine-latitude area weighting. Trend direction and significance
were assessed with the Mann-Kendall test and trend magnitude with Sen's slope estimator, while WMO
standard normal periods (1961-1990 and 1991-2020) and 2021-2025 recent anomalies were compared.
The annual mean Sen slope was 0.28 °C per decade and highly significant (p<0.001); seasonal slopes
were 0.22, 0.30, 0.35 and 0.20 °C per decade for winter, spring, summer and autumn, respectively, all
showing significant warming. The 1991-2020 annual mean was 0.79 °C warmer than the 1961-1990
reference, and the 2021-2025 mean was 1.61 °C above the 1991-2020 normal. ERAS5 annual mean
temperatures showed high agreement with main station observations across the region (Pearson r = (0.82-
0.93; p<0.001). Through this multi-scale, long-term assessment, the study reveals a persistent, seasonally
differentiated and recently intensified warming signal in Eastern Anatolia, and provides raw province-
and season-level trend results that offer actionable regional detail for water, agriculture and disaster
management.

Keywords: ERAS reanalysis; Long-term temperature trend; WMO climate normals; Mann-Kendall test;
Eastern Anatolia

ERAS Verileriyle Dogu Anadolu Bolgesi'nde 1950-2025 Doneminde
Sicakhigin Mevsimsel Degisimi

Ozet

Dogu Anadolu, Tirkiye'nin en yiiksek ve en belirgin karasal iklim o&zelliklerini gosteren
bolgelerinden biri olup sicaklik degisimine karsi su kaynaklari, kar rejimi ve tarim agisindan duyarlhidir.
Bolgeye iliskin mevcut ¢alismalarin 6nemli boliimii, istasyon aginin seyrek oldugu yiiksek kesimleri
siirl temsil eden istasyon verilerine dayanmakta veya 30 yilin altindaki donemleri kapsamakta; ayrica
cogunlukla bolge ortalamasiyla siirli kalarak mevsim ve il diizeyindeki mekansal farklilagsmay1 yeterince
ortaya koyamamaktadir. Bu ¢alisma, s6z konusu boslugu gidermek amaciyla Dogu Anadolu il sinirlariyla
maskelenmis ERAS grid alaninda 1950-2025 doénemi 2 m hava sicakliginin yillik ve mevsimsel
degisimini bolge ortalamasi, grid hiicresi ve il Ol¢eginde birlikte incelemektedir. Saatlik t2m verileri
santigrat dereceye doniistiiriilmiis; aylik, mevsimsel ve yillik ortalamalar {iretilmis; bolgesel ortalamalar
kosiniis-enlem alan agirliklandirmasiyla hesaplanmistir. Egilim yonii ve anlamlilifi Mann-Kendall
testiyle, biiytikliigii Sen egim tahmincisiyle degerlendirilmis; ayrica WMO standart normal donemleri
(1961-1990 ve 1991-2020) ile 2021-2025 giincel anomalileri karsilastirilmistir. Yillik ortalama sicaklik
icin Sen egimi 0,28 °C/10 y1l olarak hesaplanmis ve istatistiksel olarak ileri diizeyde anlamli bulunmustur
(p<0,001); mevsimsel egilimler kis, ilkbahar, yaz ve sonbaharda sirasiyla 0,22, 0,30, 0,35 ve 0,20 °C/10
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yil olup biitiin mevsimlerde anlamli artiy gostermisti. WMO karsilagtirmasinda 1991-2020 yillik
ortalamasi 1961-1990 referansindan 0,79 °C, 2021-2025 ortalamasi ise 1991-2020 normalinden 1,61 °C
daha sicakti. ERAS5 yillik ortalama sicakliklar1 bolgedeki ana istasyon gozlemleriyle yiiksek uyum
gostermistir (Pearson r=0,82-0,93; p<0,001). Cok ol¢ekli ve uzun donemli bu degerlendirme, Dogu
Anadolu'da sicaklik artisinin uzun dénemli, mevsimsel olarak farklilasan ve gilincel normal dénemlerde
belirginlesen tutarli bir iklim sinyali oldugunu ortaya koymakta; il ve mevsim bazli ham egilim sonuglar1
ise su, tarim ve afet yonetimi i¢in kullanilabilir bolgesel ayrint1 saglamaktadir.

Anahtar Kelimeler: ERAS yeniden analiz; Uzun donem sicaklik egilimi; WMO iklim normalleri; Mann-
Kendall testi; Dogu Anadolu

Giris

Hava sicakligi, iklim sistemindeki degisimi izlemek i¢in kullanilan temel
degiskenlerden biridir ve yiizey sicakligindaki degisimler buharlagsma, kar birikimi, kar
erimesi, toprak nemi, tarimsal iiretim, enerji talebi ve afet riskleri lizerinde dogrudan
etkiler olusturur. Kiiresel ortalama yilizey sicakligi sanayi oncesi doneme kiyasla
yaklasik 1,1 °C artmis olup 1sinma kara alanlarinda okyanus ylizeylerine gore daha hizl
gerceklesmektedir (IPCC, 2021; 2023). Akdeniz havzasi ve onu gevreleyen Orta Dogu,
sicaklik artisinin kiiresel ortalamadan daha yiiksek seyrettigi ve kuraklasma egiliminin
belirginlestigi iklim degisikligi sicak noktalarindan biri olarak tanimlanmaktadir
(Giorgi, 2006; Lelieveld vd., 2012; Zittis vd., 2022). Bu nedenle sicaklik degisiminin
yalnizca kiiresel degil, bolgesel ve mevsimsel Olgekte de izlenmesi iklim
degerlendirmeleri i¢in gereklidir.

Tiirkiye bu havzanin kuzeydogu kenarinda yer almaktadir ve iilke iginde Dogu
Anadolu Bolgesi en yiiksek ortalama yiikseltiye ve en belirgin karasal iklim
ozelliklerine sahip alanlardan biridir (Keskin & Saplioglu, 2023). Bélgede uzun ve sert
kis kosullar belirleyicidir; daglik dogu ve kuzeydogu kesimlerde yillik don giinii say1st
180 giine ulagsmakta ve don kosullar1 biiyiik 6l¢iide kisin Orta Asya kaynakli termik
yiiksek basing sistemlerinin etkisiyle sekillenmektedir (Erlat & Tiirkes, 2012). Kis ve
ilkbahar sicakliklar1 kar Ortiisiinlin birikimi ve erime zamanlamasi {izerinde
belirleyicidir (Akyurek vd., 2023; Blau vd., 2024), yaz sicakliklarindaki artis ise
Akdeniz Havzasi'nda bilesik sicak-kurak olaylarin artisin1 yonlendiren temel etken
olarak belirlenmistir (Vogel vd., 2021). Bu o6zellikler, bolgede sicaklik degisiminin
mevsimsel dlgekte ayr1 ayr1 incelenmesini gerekli kilmaktadir.

Tiirkiye ve bolge 6l¢eginde sicaklik egilimleri ¢esitli ¢alismalarda ele alinmustir.
Turkes ve Sumer (2004) 1930-2000 doneminde Tiirkiye genelinde sicaklik serilerinde
belirgin degiskenlik ve bolgesel farklilasma saptamis; Hadi ve Tombul (2018) 1960-
2010 doneminde mekansal olarak yaygin pozitif egilimler bildirmistir. Daha giincel
calismalardan Asikoglu vd. (2025) ve Ceyhunlu ve Ceribasi (2024) Tiirkiye genelinde
anlamli 1sinma egilimleri ortaya koymus; Dogu ve Gilineydogu Anadolu 6zelinde
Keskin ve Saplioglu (2023) ile Giingéren vd. (2026) sicaklik ve ekstrem iklim
indekslerinde artis yoniinde degisimler raporlamustir. Il ve havza 6lgegindeki calismalar
da benzer bir tabloyu desteklemektedir: Dogu Anadolu'da Van ili igin Esit vd. (2024) ve
Elazig ili i¢cin Acar (2024) sicaklik serilerinde artis yoniinde egilimler saptamis, komsu
Giineydogu Anadolu'da Glimiis vd. (2023) meteorolojik degiskenlerde benzer oriintiiler
bildirmistir. Tiirkiye'nin diger bolgelerinde de Ege'de Mersin vd. (2022) ve Bati
Karadeniz'de Ay (2020) sicaklik serilerinde pozitif egilimler raporlanmistir. Bu
caligmalar, egilim degerlendirmesinde Mann-Kendall testi ve Sen egim tahmincisinin
yaygin bicimde kullanildigini gostermektedir (Kendall, 1975; Mann, 1945; Sen, 1968).
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Mevcut ¢alismalar degerli bulgular sunmakla birlikte tic 6nemli sinirlilik
tagimaktadir. Birincisi, ¢alismalarin 6nemli bir boliimii istasyon noktalarina dayalidir ve
istasyon agmin seyreklestigi yiiksek rakimli, topografik olarak karmasik kesimleri
sinirl bigimde temsil etmektedir. Ikincisi, bolgesel dlgekli bazi analizler 30 yilin altinda
ya da keyfi alt donemler iizerinden yiiriitiilmiis olup bu durum, Diinya Meteoroloji
Orgiiti'niin en az 30 yillik gdzlem Onerisiyle tam ortiismediginden egilim
kestirimlerinin giivenilirligini azaltmaktadir. Ugiinciisii, bolge ortalamasina dayali
degerlendirmeler mevsim ve il diizeyindeki mekansal farklilasmay1r tek basina
yansitamamaktadir. Bu smirliliklar, mekansal olarak tutarli, uzun dénemli ve grid
tabanli bir veri kaynagina olan ihtiyaci ortaya koymaktadir. ERAS yeniden analiz
verileri, gdzlem, model ve veri asimilasyonu bilesenlerini birlestirerek 1940 sonrasi igin
uzun donemli ve mekansal olarak tutarli meteorolojik alanlar iiretmekte (Copernicus
Climate Change Service, 2018; Hersbach vd., 2020). Tiirkiye iizerinde sicaklik
verilerinin dogrulanmasina iliskin bulgular da bu veri setinin bdlgesel analizlerde
kullanilabilirligini desteklemektedir (Yilmaz, 2022).

Bu calismanin amaci, Dogu Anadolu Bolgesi'nde 1950-2025 doneminde ERAS
saatlik 2 m sicaklik verilerini kullanarak yillik ve mevsimsel sicaklik degisimini bolge
ortalamasi, grid 6l¢egi ve il bazinda birlikte ortaya koymaktir. Egilim yonii Mann-
Kendall testiyle, biiyiikliigii ise Sen egim tahmincisiyle hesaplanmis; ayrica WMO
standart normal donemleri (1961-1990 ve 1991-2020) ile 2021-2025 giincel anomalileri
karsilastirilmisti. Bu ¢ergevede {i¢ arastirma sorusu ele alinmaktadir: (i) 1950-2025
doneminde yillik ve mevsimsel ortalama sicaklikta istatistiksel olarak anlamli bir egilim
var mudir; (ii) egilimin biyilikligi ve anlamliligi mevsimler ile iller arasinda nasil
farklilagsmaktadir; (iii) WMO normal donemleri ve giincel anomaliler uzun donemli
egilimle tutarli bir 1sinma sinyali ortaya koymakta midir?

Bu calismanin baslica katkilari su sekilde 6zetlenebilir:

» Dogu Anadolu igin, Diinya Meteoroloji Orgiitii'niin 30 yillik kosulunu fazlasiyla
karsilayan 76 yillik (1950-2025) uzun donemli ve grid tabanli bir ERAS sicaklik egilimi
analizi sunulmaktadir.

* Egilimler tek bir olcekle sinirli kalmadan bolge ortalamasi, grid hiicresi ve il
diizeyinde birlikte degerlendirilmekte; il ve mevsim bazli ham Mann-Kendall ve Sen
egimi sonuglari agik bigimde raporlanmaktadir.

* WMO standart normal dénemleri ve 2021-2025 giincel anomalileri, uzun donemli
egilim bulgularin1 tamamlayacak bigimde karsilastiriimaktadir.

Materyal ve Yontem
Calisma Alam

Calisma alan1 olarak, il merkezi Dogu Anadolu Bolgesi sinirlari i¢inde yer alan
14 ilin (Agn, Ardahan, Bingol, Bitlis, Elaz1g, Erzincan, Erzurum, Hakkari, Igdir, Kars,
Malatya, Mus, Tunceli ve Van) idari sinirlar1 kabul edilmistir. 1l smirlar1 cografi bolge
sinirlariyla birebir ortiismediginden bu tanim, il merkezi bolge disinda kalan ancak bazi
ilceleri Dogu Anadolu'da yer alan illeri (6r. Sivas, Kahramanmaras) kapsam disinda
birakmaktadir. ERAS verileri 6nce 37,0-45,0°D boylamlar ile 36,5-42,5°K enlemleri
arasindaki se¢im kutusuna kesilmis, ardindan Dogu Anadolu il sinirlarini igeren vektor
sinir dosyasiyla maskelenmistir. Boylece analizler yalnizca bolgeyi temsil eden ERAS
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grid hiicreleri iizerinden hesaplanmistir. Calisma alaninin Tiirkiye i¢indeki konumu ve
analizde kullanilan ERAS t2m grid kapsami Sekil 1'de verilmistir.

B Dogu Anadolu illeri
424 --- ERAS secim kutusu
41
401
g
5]
= 39
m
38
37
36
27:5 30.0 32.5 35.0 37.5 40.0 42.5 45.0

Boylam

Sekil 1. Tirkiye sinirlari i¢erisinde ¢alisma alaninin konumu.
Veri Seti ve On Isleme

Arastirmada, ERAS saatlik tek seviye yeniden analiz veri setinden 2 m hava
sicakligr degiskeni kullanilmistir. ERAS wveri seti 1940'tan giiniimiize uzanmakla
birlikte, bu ¢alismada analizler 1 Ocak 1950 ila 31 Aralik 2025 tarihleri arasindaki
dénem i¢in yiiriitiilmiistiir (Copernicus Climate Change Service, 2018; Hersbach vd.,
2020). ERAS veri setinde Kelvin biriminde sunulan t2m degerleri, analiz dncesinde
Santigrat dereceye (°C) doniistiiriilmistiir. Kullanilan veri setinin kapsami, analiz
donemi, mekansal maskeleme yaklasimi ve egilim analizinde uygulanan yontem Tablo
1'de 6zetlenmistir.

Saatlik sicaklik verileri oncelikle aylik ortalamalara, ardindan mevsimsel ve
yillik ortalamalara doniistiiriilmiistiir. Mevsimsel siniflandirmada kis donemi aralik,
ocak ve subat; ilkbahar donemi mart, nisan ve mayis; yaz donemi haziran, temmuz ve
agustos; sonbahar donemi ise eyliil, ekim ve kasim aylar1 esas alinarak tanimlanmstir.
Aralik ay1, meteorolojik kis tanimina uygun olarak izleyen yilin kis mevsimine
atanmistir. Bu nedenle 1950-2025 analizinde kis serisi 75 tam mevsimden, ilkbahar, yaz,
sonbahar ve yillik seriler ise 76 gozlemden olugmaktadir.

Tablo 1. Veri seti ve analiz kapsami.

Bilesen Aciklama
Veri kaynagi ERAS t2m saatlik yeniden analiz verisi
Analiz donemi 1950-2025
Zaman adedi 666.216 saat
Koordinat aralig1 36,5-42,5°K; 37,0-45,0°D
Mekansal maske Dogu Anadolu il sinirlari
Grid sayist 245 maskeli grid hiicresi
Birim doniisiimii K-273,15=°C
Egilim yontemi Mann-Kendall testi ve Sen egimi

Bolgesel ortalamalarin hesaplanmasinda, grid hiicrelerinin enleme bagli alan
farkliliklar1 kosiniis-enlem agirliklandirmasi kullanilarak dikkate alinmistir. Bu islem
sicaklik degerlerine ampirik bir diizeltme uygulamak degil, alan ortalamasinin grid
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hiicresi yiizey alanin1 temsil edecek bigimde hesaplanmasidir. Ayrica Diinya Meteoroloji
Orgiitii'niin klimatolojik standart normal yaklasimina uygun olarak 1951-1980, 1961-
1990, 1971-2000, 1981-2010 ve 1991-2020 donemleri ayr1 ayr1 degerlendirilmistir
(WMO, 2017).

Istatistiksel Analiz

Mevsimsel sicaklik serilerindeki egilim yonii ve istatistiksel anlamlilik Mann-

Kendall testi ile belirlenmistir (Kendall, 1975; Mann, 1945). Egilim biiyiikliigii Sen
egim tahmincisi ile °C/yil olarak hesaplanmis ve yorum kolayligi i¢cin °C/10 yil
bigiminde raporlanmistir (Sen, 1968). Tiirkiye'de sicaklik ve yagis egilimlerinin
incelendigi c¢aligmalarda da bu parametrik olmayan yaklagim yaygin bigimde
kullanilmaktadir (Keskin & Saplioglu, 2023; Topuz, 2026).
Mann-Kendall testi parametrik olmayan bir egilim testidir; verilerin belirli bir olasilik
dagilimina (6r. normal dagilim) uymasini gerektirmez, siralama temelli yapist sayesinde
uc degerlere ve eksik gozlemlere karsi dayaniklidir ve iklim serilerindeki monotonik
egilimlerin saptanmasinda yaygin olarak tercih edilir. Sen egim tahmincisi de
parametrik olmayan bir yontem olup egilim biiyiikliglinii gozlem c¢iftleri arasindaki
egimlerin medyan1 olarak hesapladigindan, en kiigiik kareler regresyonuna kiyasla ug
degerlerden daha az etkilenir. Bu ozellikler, yillar arasi degiskenligin yliksek ve
dagilimin her zaman simetrik olmadig1 mevsimsel sicaklik serileri igin iki yontemi de
uygun kilmaktadir. Mevsimsel serilerde olast otokorelasyonun anlamlilik
degerlendirmesini etkileyebilecegi g6z Oniinde bulundurularak bulgular yalnizca
anlamlilik esigine degil, egilimlerin bolge ortalamasi ve grid dlgegindeki mekansal
tutarliligina da dayandirilmistr.

Istatistiksel anlamlilik p<0,05 diizeyi temel alinarak degerlendirilmistir. Bolge
ortalamasina ek olarak her grid hiicresinde mevsimsel Sen egimi ve Mann-Kendall p
degeri hesaplanmis, bdylece egilimlerin mekansal dagilimi haritalanmigtir. Boylece
egilimler iki 6lcekte elde edilmistir: (1) bolge ortalamasi serisinden hesaplanan tek bir
bolgesel egim ve (ii) her ERAS grid hiicresinin kendi zaman serisinden ayri ayri
hesaplanan hiicre bazli egimler. WMO normal donemi karsilastirmalarinda 1961-1990
uzun donem referansi, 1991-2020 ise giincel normal kosullar1 temsil eden donem olarak
kullanilmistir; 2021-2025 yillart 1991-2020 normaline gore giincel anomali olarak
degerlendirilmistir.

Dogrulama Verisi ve Yontemi

ERAS sonuglarinin yer gozlemleriyle tutarliligini degerlendirmek tizere, Kiiresel
Tarihsel Klimatoloji Agi-Giinliik (GHCN-Daily) veri tabanindan elde edilen istasyon
kayitlart kullanilmistir (Menne vd., 2012). Dogu Anadolu illerinde GHCN-Daily kaydi
bulunan sekiz istasyon (Erzincan, Erzurum, Van, Elazig, Bingol, Kars, Agr1 ve Mus)
analize dahil edilmistir; bunlardan dordii 1950'1i yillardan baglayan uzun kayitlara, Agri
ve Mus ise yaklasik 12-13 yillik kisa kayitlara sahiptir. Giinliik ortalama sicakliklardan
tim aylarin tamamlandigr yillar i¢in yillik ortalamalar {iretilmis; her istasyon
koordinatina en yakin ERAS grid hiicresiyle eslestirilerek ortak yillar {izerinde Pearson
korelasyon katsayisi, egilimden arindirilmis korelasyon ve ortalama fark (yanlilik)
hesaplanmustir.
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BULGULAR
Mevsimsel ve Yilhik Egilimler

ERAS t2m wverilerine gore c¢alisma alaninda 1950-2025 déneminin yillik
ortalama sicakligr 7,20 °C olarak hesaplanmistir. Yillik seri i¢in Sen egimi 0,28 °C/10
yil olup Mann-Kendall testi bu egilimin istatistiksel olarak ileri diizeyde anlamli
oldugunu gostermistir (p<<0,001). Bolge ortalamasina ait yillik ve mevsimsel egilim
degerleri Tablo 2'de, mevsimsel zaman serileri ise Sekil 2'de verilmistir.

Mevsimsel Olgekte biitlin mevsimlerde anlamli artig belirlenmistir; ancak egilim
blyiikligli ve istatistiksel glic mevsimler arasinda farklilasmaktadir. 1950-2025
doneminde mevsimsel ortalamalar kis i¢in -4,80 °C, ilkbahar i¢in 5,67 °C, yaz igin
18,83 °C ve sonbahar icin 9,12 °C olarak hesaplanmistir. Yaz ve kis ortalamalari
arasindaki yaklasik 23,6 °C’lik fark, bolgenin karasal iklim rejimiyle tutarli yiiksek bir
mevsimsel termal genlige isaret etmektedir. Yillik genlik serisinde (yaz—kis; 1951-2025)
istatistiksel olarak anlamli bir egilim belirlenmemistir (Sen egimi 0,14 °C/10 yil;
p=0,18); bir baska deyisle 1sinma her mevsimde goriiliirken mevsimsel genlik donem
boyunca korunmustur.

Sen egimi en yiliksek yaz mevsiminde 0,35 °C/10 yil olarak belirlenmistir
(p<0,001). Ilkbahar egimi 0,30 °C/10 y1l (p<0,001), kis egimi 0,22 °C/10 yil (p=0,032)
ve sonbahar egimi 0,20 °C/10 yil (p=0,004) olarak hesaplanmistir. Bu siralama,
bolgedeki uzun donemli 1sinma sinyalinin yalnizca kis mevsimiyle sinirlt olmadigini,
ozellikle yaz ve ilkbahar mevsimlerinde daha gii¢lii oldugunu gostermektedir.

Biitin mevsimlerde anlamli pozitif egilim bulunmasi, Dogu Anadolu'daki
sicaklik artiginin yalnizea tek bir mevsime bagl olmadigini gdstermektedir. Bununla
birlikte egilim biiyiikliiklerinin mevsimler arasinda farklilagsmasi, bolgesel iklim
etkilerinin su kaynaklari, kar rejimi, tarimsal iiretim ve enerji talebi agisindan mevsim
bazinda degerlendirilmesini gerekli kilmaktadir. Sekil 3, mevsimsel Sen egimlerini p
degerleriyle birlikte gorsellestirerek bu ¢ok mevsimli 1sinma Griintiisiinii 6zetlemektedir.

Tablo 2. Bolge ortalamasina gore sicaklik egilimleri.

Sen (°C/10
Donem n Ortalama (°C) p Simif
yi)

Kis 75 -4,80 0,22 0,032 anlaml artis
[Ikbahar 76 5,67 0,30 <0,001 anlaml artis
Yaz 76 18,83 0,35 <0,001 anlaml artis
Sonbahar 76 9,12 0,20 0,004 anlaml artig
Yillik 76 7,20 0,28 <0,001 anlaml artis
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Sekil 2. Dogu Anadolu Bolgesi 1950-2025 mevsimsel sicaklik serileri ve Sen egilim
cizgileri.
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Sekil 3. Mevsimlere gore Sen egimi ve Mann-Kendall p degerleri (1950-2025).
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Mekansal Egilimler

Mevsimsel ortalama sicaklik dagilimi, ¢alisma alaninda giiclii bir topografik ve
enlemsel farklilagsma oldugunu gostermektedir. Sekil 4'e gore kis mevsiminde yiiksek
plato ve daglik alanlarda diisiik sicakliklar belirginlesirken, yaz mevsiminde giiney ve
giineybat1 kesimlerde daha yiiksek sicaklik degerleri 6ne ¢ikmaktadir. Kis mevsiminde
en diisiik il ortalamalarn kuzeydogudaki yliksek platoda Ardahan (=7,5 °C), Kars (—6,7
°C) ve Erzurum (—6,6 °C) ic¢in hesaplanmis; yaz mevsiminde en yiliksek ortalamalar
giineybatidaki gorece al¢ak havzalarda Elazig (24,8 °C) ve Malatya (22,6 °C) igin
belirlenmistir. Kuzey enlemde yer almasina karsin algak Igdir ovasinda kis
ortalamasinin (—3,9 °C) plato illerine gore belirgin bicimde 1liman olmasi, yiikseltinin
yer yer enlem etkisini baskiladigin1 gostermektedir. Bu desen, bolgesel ortalamalarin tek
basina yeterli olmadigim1 ve sicaklik degisiminin grid 6l¢eginde de degerlendirilmesi
gerektigini gostermektedir.

Grid bazli Sen egimi sonuglari, tiim mevsimlerde pozitif egilimlerin baskin
oldugunu gostermektedir. Tablo 3'te Ozetlenen bulgulara gore grid hiicresi bazinda
hesaplanan ortalama Sen egimleri kis, ilkbahar, yaz ve sonbaharda sirasiyla 0,22, 0,31,
0,35 ve 0,20 °C/10 y1l diizeyindedir. Bolge ortalamasinda oldugu gibi grid 6lgeginde de
en yiiksek ortalama eg§im yaz mevsiminde hesaplanmistir.

Grid hiicresi bazinda hesaplanan mevsimsel Sen egimlerinin mekansal dagilimi
incelendiginde yaz mevsiminde egimlerin 0,24 ile 0,43 °C/10 yil, ilkbaharda 0,20 ile
0,46 °C/10 yil, kista 0,05 ile 0,58 °C/10 yil ve sonbaharda 0,11 ile 0,30 °C/10 yil
arasinda degistigi goriilmektedir. p<0,05 diizeyindeki anlamli grid oram1 yaz ve
ilkbaharda %100'e ulasirken sonbaharda %93,5, kista ise %40,4 olarak hesaplanmistir.
Bu durum, uzun dénemli sicaklik artisinin 6zellikle ilkbahar ve yaz aylarinda mekansal
olarak daha tutarli oldugunu; kis egilimlerinin ise yillar aras1 degiskenlik ve topografik
karmasiklik nedeniyle daha heterojen bir yap1 sergiledigini gostermektedir.

Sekil 5'teki egilim haritalari, anlamli 1sinmanin yalnizca smirli bir alt bolgede
degil, ¢alisma alaninin genis boliimiinde gozlendigini ortaya koymaktadir. Buna karsilik
kis mevsiminde anlamli grid oraninin daha diisiik olmasi, kis sicakliklarinin bolge
icinde daha degisken davrandigini ve yerel istasyonlarla ¢apraz dogrulamanin 6zellikle
bu mevsim i¢in dnemli oldugunu diisiindiirmektedir.

Tablo 3. Grid bazli mevsimsel egilimlerin mekansal 6zeti.

p<0,05 grid
Mevsim Ortalama Sen Min. Maks.
(%)
Kis 0,22 0,05 0,58 40,4
[Ikbahar 0,31 0,20 0,46 100,0
Yaz 0,35 0,24 0,43 100,0
Sonbahar 0,20 0,11 0,30 93,5

62



Dogu Fen Bilimleri Dergisi / Journal of Natural & Applied Sciences of East 9(1): 55-73 (2026)

Arastirma Makalesi / Research Article

Kis ilkbahar
421 25 25
i 20 20
15 5 15 5
40 < <
g 10 % g 10 =
= =
" 391 5 E . 5 g
w w
38 0 0
-5 -5
37
Boylam
Sonbahar
42 25 25
i 20 20
15 5 15 5
40 < <
g 10 = g 10 %
g = 'E =
* 39 1 5 & = 5 &
w w
56 0 0
-5 -5
37 4
38 40 22 44 38 40 0 44
Boylam Boylam

Sekil 4. 1950-2025 doneminde mevsimsel ortalama sicaklik dagilimi.
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Sekil 5. Grid bazli mevsimsel Sen egimi haritalari; siyah noktalar p<0,05 diizeyindeki
grid hiicrelerini gostermektedir.

63



Dogu Fen Bilimleri Dergisi / Journal of Natural & Applied Sciences of East 9(1): 55-73 (2026)

Arasturma Makalesi / Research Article

Mevsimsel Sicaklik Egilimlerinin Mekansal Farkhilasmasi

Bolge geneline iliskin egilim degerlerinin il 6l¢eginde nasil farklilagtigini
belirlemek amaciyla, Dogu Anadolu sinirlart i¢inde kalan ERAS grid hiicrelerinden her
il i¢in mevsimsel Sen egimleri ayr1 ayr1 hesaplanmistir. Bu yaklasim, bdlge
ortalamasinin tek bagina yansitamadigt mekansal degiskenligin ortaya konmasina
olanak saglamaktadir (Keskin & Saplioglu, 2023). On dort ile ait mevsimsel Sen egimi
degerleri Tablo 4'te, buna karsilik gelen 1s1 haritasi ise Sekil 6'da sunulmustur.

Kis mevsiminde il diizeyindeki Sen egimleri 0,12 ile 0,49 °C/10 yil arasinda
dagilmistir. En yiliksek kis egimi Elazig'da 0,49 °C/10 yil olarak belirlenmis (p<0,05);
bunu Malatya (0,38, p<0,05), 1gdir (0,34, p<0,05) ve Kars (0,25, p<0,05) izlemistir.
Buna karsilik Agri, Bing6l, Erzurum, Hakkari, Mus ve Tunceli gibi bazi illerde kis
egilimleri pozitif olmakla birlikte istatistiksel anlamlilik esigine ulasmamistir. Bu bulgu,
kis mevsiminde bolge i¢i degiskenligin devam ettigini gostermektedir.

[lkbahar mevsiminde il bazli egilimlerin biiyiik boliimii anlamlidir. En yiiksek
ilkbahar egimleri Elazig (0,41 °C/10 y1l), Hakkari (0,39 °C/10 y1l), Malatya (0,38 °C/10
yil), Van (0,33 °C/10 y1l) ve Bitlis (0,32 °C/10 y1l) illerinde hesaplanmistir. Bu sonuglar,
uzun donemli ilkbahar isinmasinin yalnizca kuzeydeki yiiksek rakimli illerle sinirh
olmadigini, boélgenin farkli alt kesimlerinde de belirginlestigini gostermektedir. Yaz
mevsiminde biitiin illerde pozitif ve istatistiksel olarak anlamli egilimler belirlenmistir.
Elaz1g (0,40 °C/10 yil), Malatya (0,39 °C/10 yil), Mus (0,38 °C/10 y1l), Erzurum (0,37
°C/10 yil) ve Tunceli (0,36 °C/10 yil) yaz egilimleri bakimindan 6ne ¢ikmaktadir.
Sonbaharda da egilimler genel olarak pozitiftir; Kars (0,27 °C/10 yil), Ardahan (0,26
°C/10 y1l), Erzurum ve Igdir (0,22 °C/10 y1l) gorece yiiksek degerlere sahiptir.

Mevsimler arasi tutarlilik agisindan Elazig ve Malatya hem kis hem yaz
donemlerinde yiiksek ve anlamli egilimler gostermektedir. Hakkari'de ilkbahar egiminin
yiiksek, yaz egiminin ise daha simirli olmasi; Erzurum ve Kars'ta yaz-sonbahar
egilimlerinin belirginlesmesi, bolge i¢inde tek tip bir 1sinma deseninden ¢ok mevsime
bagl farklilagsan bir yap1 oldugunu gostermektedir. Bu nedenle il bazli bulgular, yalnizca
topografik konuma dayali agiklamalarla degil, mevsimsel atmosferik dolasim ve yerel
arazi kosullartyla birlikte degerlendirilmelidir. Genel bir degerlendirme yapildiginda, il
dlgeginde artis sinyali 6zellikle ilkbahar ve yaz mevsimlerinde yayginlasmaktadir. Il
diizeyinde anlamlilik esigine ulasmayan egilimler, bolge i¢i yillar aras1 degiskenlik ve
yerel arazi kosullariyla birlikte degerlendirilmelidir.

Ardahan
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Bingdl
Bitlis
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Igdir
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Malatya
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Tunceli A

e
o

Sen egimi (°C/10 y1l)

=0.2

-0.4

Van

Kis ilkbahar Yaz Sonbahar
Sekil 6. Dogu Anadolu illerinde mevsimsel Sen egimi degerleri (1950-2025; * p<0,05).
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Tablo 4. Il ve mevsim bazinda ham Mann-Kendall ve Sen egimi sonuclar1 (1950-2025). n:
gbzlem sayist; T: Mann-Kendall tau; p: Mann-Kendall anlamlilik degeri.

il Mevsim n Sen (°C/10 yil) p T
Kis 75 0,20 0,066 0,15
Ilkbahar 76 0,25 <0,001 0,28
Ardahan Yaz 76 0,30 <0,001 0,42
Sonbahar 76 0,26 <0,001 0,27
Kis 75 0,14 0,188 0,10
Agn Ilkbahar 76 0,30 <0,001 0,36
Yaz 76 0,35 <0,001 0,43
Sonbahar 76 0,22 <0,001 0,27
Kis 75 0,12 0,200 0,10
Bingol Ilkbahar 76 0,30 <0,001 0,36
Yaz 76 0,34 <0,001 0,41
Sonbahar 76 0,19 0,013 0,20
Kis 75 0,18 0,047 0,16
Bitlis Ilkbahar 76 0,32 <0,001 0,36
Yaz 76 0,30 <0,001 0,36
Sonbahar 76 0,17 0,008 0,21
Kis 75 0,49 <0,001 0,32
Elazig Ilkbahar 76 0,41 <0,001 0,43
Yaz 76 0,40 <0,001 0,49
Sonbahar 76 0,18 0,009 0,20
Kis 75 0,18 0,154 0,11
Erzincan Ilkbahar 76 0,26 <0,001 0,31
Yaz 76 0,35 <0,001 0,43
Sonbahar 76 0,14 0,072 0,14
Kis 75 0,14 0,162 0,11
Erzurum Ilkbahar 76 0,25 <0,001 0,28
Yaz 76 0,37 <0,001 0,42
Sonbahar 76 0,23 0,003 0,23
Kis 75 0,18 0,057 0,15
Hakkari [Ikbahar 76 0,39 <0,001 0,44
Yaz 76 0,26 <0,001 0,36
Sonbahar 76 0,19 0,003 0,23
Kis 75 0,34 0,019 0,19
Tadir IIkbahar 76 0,31 <0,001 0,36
Yaz 76 0,31 <0,001 0,40
Sonbahar 76 0,22 <0,001 0,28
Kis 75 0,25 0,031 0,17
Kars Ilkbahar 76 0,30 <0,001 0,32
Yaz 76 0,35 <0,001 0,44
Sonbahar 76 0,27 <0,001 0,28
Kis 75 0,38 0,001 0,25
Malatya Ilkbahar 76 0,38 <0,001 0,39
Yaz 76 0,39 <0,001 0,51
Sonbahar 76 0,18 0,014 0,19
Kis 75 0,18 0,103 0,13
Mus IIkbahar 76 0,31 <0,001 0,35
Yaz 76 0,38 <0,001 0,39
Sonbahar 76 0,21 0,005 0,22
Kis 75 0,17 0,073 0,14
Tunceli [lkbahar 76 0,29 <0,001 0,34
Yaz 76 0,36 <0,001 0,45
Sonbahar 76 0,16 0,026 0,17
Kis 75 0,19 0,024 0,18
Van [lkbahar 76 0,33 <0,001 0,37
Yaz 76 0,31 <0,001 0,39
Sonbahar 76 0,19 0,002 0,24
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WMO Normal Donemleri ve Giincel Anomaliler

Uzun donemli egilim analizini tamamlamak i¢in WMO standart normal
donemleri karsilagtirilmigtir. Bu yaklagim, iklim literatiiriinde kabul goéren 30 yillik
standart donemlerle giincel sicaklik rejiminin degerlendirilmesini saglamaktadir. Bu
calismada 1961-1990 donemi uzun donem referansi, 1991-2020 donemi ise giincel
normal kosullar1 temsil eden donem olarak kullanilmistir.

WMO standart normal donemleri karsilastirildiginda 1991-2020 yillik ortalamasi
7,53 °C, 1961-1990 ortalamasi ise 6,74 °C'dir. Buna gore gilincel normal donem,
referans doneme kiyasla 0,79 °C daha sicaktir. Ayrica 1981-2010 ve 1991-2020
donemlerinde yillik egilimler istatistiksel olarak anlamli artis gostermistir; bu durum
1sinma sinyalinin 6zellikle son normal donemlerde giiclendigine isaret etmektedir.

2021-2025 willarmin yillik ortalamasi 9,13 °C olup 1991-2020 normalinin
ortalama 1,61 °C fizerindedir. Mevsimsel anomaliler de pozitiftir: kista 1,88 °C,
ilkbaharda 1,54 °C, yazda 1,61 °C ve sonbaharda 1,39 °C. Bu sonug, son yillarin
yalnizca uzun donem referansina degil, giincel WMO normaline gore de belirgin
bicimde sicak seyrettigini gostermektedir.

Tablo 5. WMO standart normal donemlerine gore yillik sicaklik karsilagtirmasi.

Dénem n Yillik ort. Sen p 1961-1990 Sunif
CO)___ (Cnoy farki (°C)

11995810_ 30 6,81 -0,08 0,643 0,08 azalis egilimi

11996910_ 30 6,74 -0,14 0,301 0,00 azalis egilimi

12907010_ 30 6,64 0,30 0,069 -0,09 artig egilimi

12908110_ 30 6,97 0,53 <0,001 0,24 anlamli artis

12909210_ 30 1,53 0,72 <0,001 0,79 anlamli artig

Not: Fark siitunu 1961-1990 WMO referans donemine gore hesaplanmastir.

7.6 °C +0.79
7.4°C

7.2°C

+0.24
7.0 °C
+0.08
6.8 °C1961- 1 6.74 °C +0.00
-0.09

6.6 °C

6.4 °C

6.2 °C

6.0 °C

1951-1980 1961-1990 1971-2000 1981-2010 1991-2020

Sekil 7. WMO yillik normal dénemleri ve 1961-1990 referansina gore farklar.
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TARTISMA

Bu ¢alismada 1950-2025 donemi i¢in hesaplanan yillik 0,28 °C/10 yil egim,
Tiirkiye genelinde uzun donemli istasyon serileriyle bildirilen degerlerle uyumludur.
Asikoglu vd. (2025), 1960-2022 doénemi igin Tiirkiye genelinde yaklasik 0,27 °C/10 yil
diizeyinde anlamli bir artis bildirmistir. Turkes ve Sumer (2004), Hadi ve Tombul
(2018), Keskin ve Saplioglu (2023), Ceyhunlu ve Ceribasi (2024) ile Topuz (2026)
tarafindan farkli donem ve yontemlerle raporlanan pozitif sicaklik egilimleri de bu
calismanin uzun dénemli artis sonucuyla ayni genel iklim sinyaline isaret etmektedir.
Kisa donemli analizde goriilen yiiksek egimlerin uzun donem baglamina
yerlestirildiginde daha dengeli bir biiylikliige indigi goriilmektedir.

Tablo 6'da goriildiigii lizere bu ¢alismada hesaplanan 0,28 °C/10 y1l diizeyindeki
yillik egim, Tiirkiye geneli i¢in bildirilen glincel uzun donem degerlerle (yaklasik 0,27-
0,28 °C/10 yil) biiyiik 6l¢iide uyumludur ve 20. yiizyill baz donemine ait daha diisiik
egimlerin (Turkes & Sumer, 2004) iizerinde yer almaktadir. Bu durum, son onlarca yilda
1sinma hizinin arttig1 yoniindeki bulguyla tutarlidir. Dogu Akdeniz ve Orta Dogu icin
model temelli ¢alismalarda bildirilen daha yiiksek egim araliklar1 ise bolgenin bir iklim
degisikligi sicak noktasi olarak konumunu yansitmaktadir (IPCC, 2021).

Tablo 6. Bu calismada elde edilen yillik sicaklik egiliminin onceki caligmalarla
karsilastirmasi.

(o]
Calisma Bolge Dénem Yllhl;l(l)C/lo Yontem Not
Dogu i Kis 0,22; Tlkbahar
aE ina Anadolu 129052% 0,28 MK/Sen 0,30; Yaz 0,35;
calls (ERAS) Sonbahar 0,20
Asikoglu Tirkiye 1960- N Uzun dénem;
vd. (2025)  (istasyon) 2022 ~0,27 MK/Sen Tiirkiye geneli
Keskin ve Dogu 1970- ' Il bazli
Saplioglu Anadolu 2020 ~0,25-0,40 MK/ITA degiskenlik
(2023) (istasyon) yiiksek
Hadi ve A
Tombul Tiirkiye 129061%_ =~0,28 MK/Sen Mekgg;ilzgrend
(2018)
Ceyhunlu
ve o i pozitif . . Sicaklik ve
Ceribasi Tiirkiye (anlaml) ITA pivot yagista degisim
(2024)
Turkes ve s
Sumer Tiirkiye 12%?(’)%_ =0,14 Regresyon 20 }21?;111 baz
(2004) &
Dogu Kiiresel
IPCC ARG Akdeniz/Orta 1980- ~0,40-0,60 CMIP6 ortalamadan hizli
(2021) 9 2020 <
Dogu 1sinma baglami
Pepin vd. Ifizr'elflil 1960- kiiresel ort. Gozlem/model baYElrilsle }(slllrlfr-na
(2015) & 2010 iizeri & .
alanlar gercevesi

Mevsimsel agidan en yiiksek uzun dénem egimin yaz mevsiminde belirlenmesi,
bolgedeki sicaklik artisinin yalnizca kis kosullariyla sinirli olmadigimi gostermektedir.
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Ilkbahar ve yaz mevsimlerinde anlamli grid oraninin ¢ok yiiksek ¢ikmasi, tarimsal
liretim, evapotranspirasyon ve su talebi acisindan sicaklik artisinin genis alanh etkiler
dogurabilecegini diisiindiirmektedir. Daglik alanlarda yiikseklik-bagimli 1sinma ve kar-
albedo geri beslemesi 6nemli bir gerceve sunmakla birlikte, bu c¢alismada bagimsiz
istasyon veya ylikseklik modeliyle nedensel dogrulama yapilmadigindan bu yorum
siirlilik diizeyinde tutulmustur (IPCC, 2021; Pepin vd., 2015).

Mevsimler ve iller arasindaki egilim farkliliklarinin birden ¢ok nedeni olabilir.
Yaz ve ilkbahar egilimlerinin daha yiliksek ve mekansal olarak daha tutarli ¢ikmasi, bu
mevsimlerde 1sinmanin biiylik 6l¢ekli atmosferik dolasim ve artan kisa dalga 1sinimiyla
daha diizenli bigimde iliskilenmesiyle agiklanabilir. Buna karsilik kis egilimlerinin daha
zaylif ve heterojen olmasi, kis sicakliklarinin kar Ortiisii, sicaklik terselmesi ve
atmosferik bloklama gibi yerel ve yillar arasi degiskenligi yiiksek siireclerden giiclii
bicimde etkilenmesiyle tutarlidir. Il 6lgegindeki farkliliklarda ise yiikseklik, karasallik
derecesi ve baki gibi yerel etmenler rol oynamaktadir; yliksek rakimli daglik alanlarda
kar-albedo geri beslemesi ve ylikseklik-bagimli 1sinma egilimi gli¢lendirebilirken
(Pepin vd., 2015), gorece alcak ve gilineydeki kesimlerde egilimler farkli biiytikliikte
gerceklesebilmektedir. Bu nedenle bolge i¢indeki egilim oriintiisii tek bir etmenle degil,
atmosferik dolasim ile yerel arazi kosullarinin birlikte etkisiyle degerlendirilmelidir.

Bu mevsimsel farklilagsma, bolgeyi etkileyen hava kiitleleri ve biiyiik 6lgekli
dolagim desenleriyle de iligkilendirilebilir. Tiirkiye'de kis ortalama sicakliklarinin Arktik
Salinim ve Kuzey Atlantik Salinimi fazlariyla giiclii bicimde modiile edildigi, pozitif
fazlarda kuzeyli-kuzeydogulu akislarla soguk karasal polar hava sokulmalarinin iilke
genelinde tutarli soguk sinyaller tirettigi gosterilmistir (Turkes & Erlat, 2008; Tiirkes &
Erlat, 2009). Dogu Akdeniz'i etkileyen Kuzey Denizi-Hazar deseni ise 6zellikle karasal
Anadolu platosunda ortalama sicakliklar iizerinde yaklasik 3,5 °C'ye ulasan mevsimsel
farklar yaratmaktadir (Kutiel vd., 2002). Kisin Orta Asya kaynakli termik yiiksek basing
sistemlerinin bolgedeki don kosullarini denetlemesi (Erlat & Tiirkes, 2012) ve rekor
sicaklik olaylarmin anomalik dolasim desenleri ve hava kiitlesi taginimiyla iliskisi
(Turkes & Erlat, 2018) birlikte degerlendirildiginde, kis egilimlerinin gorece zayif ve
mekansal olarak heterojen bulunmasi bu dolasim kaynakli yiliksek yillar arasi
degiskenlikle tutarlidir.

WMO normal doénemleri arasindaki fark, i1sinmanin donemsel olarak
giiclendigini ortaya koymaktadir: 1991-2020 donemi 1961-1990 déneminden 0,79 °C
daha sicaktir. 2021-2025 yillarinin 1991-2020 normalinin de 1,61 °C {izerinde
seyretmesi, glincel sicaklik kosullarmin artik yalnizca tarihsel referansa gore degil,
yakin donem normaline gére de sicak oldugunu gostermektedir. Bu bulgu, kar ortiisii
stiresi, 1lkbahar erimesi, tarimsal fenoloji ve sulama talebi gibi siireclerin gelecekte daha
ayrintili bicimde ele alinmasi gerektigini desteklemektedir (Akyurek vd., 2023; Blau
vd., 2024; IPCC, 2023).

ERAS yeniden analiz verileri bolgesel ve mekansal karsilastirma igin gii¢lii bir
kaynak saglamakla birlikte, yliksek daglik alanlarda yerel istasyon gozlemleriyle capraz
dogrulama yapilmasi sonuglarin yorum giiclinii artiracaktir. Tiirkiye lizerinde ERAS
saatlik sicaklik verilerinin dogrulanmasina iligkin bulgular bu veri setinin
kullanilabilirligini desteklese de 0,25° grid ¢oziiniirligii yerel vadi, baki ve yiikseklik
etkilerini tam olarak temsil etmeyebilir (Hersbach vd., 2020; Yilmaz, 2022). Bu nedenle
il diizeyindeki bulgular tek tek nokta degerleri olarak degil, bolgesel Oriintii olarak
yorumlanmalidir. Bu Oriintliniin ~ glivenilirligini sinamak amaciyla ERAS grid
sicakliklar1, bolgedeki bagimsiz yer gozlemleriyle karsilastirilarak dogrulanmugtir.
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Tablo 7 ve Sekil 8'de goriildiigli gibi ERAS yillik ortalama sicakliklar1 istasyon
gbzlemleriyle giiclii bicimde uyumludur. Uzun kayitl istasyonlarda (Erzincan, Erzurum,
Van, Elazig, Kars) Pearson korelasyon katsayilar1 0,82 ile 0,93 arasinda olup tiimii ileri
diizeyde anlamhidir (p<0,001); daha kisa kayitlh istasyonlarda da korelasyonlar
anlamlhidir (Bingol 0,77; Agr1 0,94; en kisa kayithh Mus'ta 0,65). Egilimden arindirilmis
(yillar arasi) korelasyonlarin cogunlukla 0,77-0,92 diizeyinde kalmasi, ERAS5'in yalnizca
ortak 1sinma egilimini degil yildan yila degiskenligi de yansittigini gosterir. Erzurum'da
ortalama fark yalnizca —0,75 °C iken, derin bir vadi tabaninda yer alan Erzincan
istasyonunda ERAS grid ortalamasi yaklasik 4,7 °C daha soguktur; bu sistematik fark,
grid hiicresinin ¢evredeki yiiksek araziyi de igceren alan ortalamasini temsil etmesinden
kaynaklanmakta ve mutlak sicaklik diizeyinde alt-grid o6lgekli ylikseklik etkisinin
Onemini ortaya koymaktadir. Buna karsilik yiiksek korelasyon, zamansal degisimin
giivenilir bicimde yakalandigini gdsterir. Istasyon ve ERAS serileri ayn1 yonde ve
anlamli 1sinma egilimleri vermekte; ERAS egimleri bazi istasyonlarda bir miktar daha
yiiksek ¢ikmaktadir (6r. Erzurum'da istasyon 0,31, ERAS 0,37 °C/10 yil). Bu sonuglar,
calismada kullanilan ERAS tabanli egilim bulgularinin bolgesel diizeyde giivenilir
oldugunu desteklemektedir.

Tablo 7. ERAS yillik ortalama sicakliklarinin istasyon gozlemleriyle karsilastirmasi. n: ortak yil
sayist; 1: Pearson korelasyonu (uzun kayitlilarda p<0,001, tiimiinde p<0,05); r*: dogrusal
egilimden arindirilmig korelasyon; Fark: ERAS eksi istasyon ortalamasi (°C).

Il n Dénem r r* Fark (°C)
Erzincan 58 1950-2024 0,82 0,78 —4,74
Erzurum 57 1951-2024 0,91 0,91 —0,75

Van 56 1958-2024 0,88 0,77 +1,01
Elaz1g 48 1973-2024 0,93 0,87 —0,57
Bingol 27 1999-2025 0,77 0,63 2,31

Kars 26 1968-2024 0,88 0,91 —0,09

Agn 13 2011-2024 0,94 0,86 —1,36

Mus 12 2014-2025 0,65 0,79 -2,90
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Sekil 8. Sekiz istasyonda ERAS ve istasyon yillik ortalama sicakliklarinin karsilastirmasi
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Calismanin smirliliklart da bulunmaktadir. Yukaridaki karsilagtirma ERAS'in zamansal
degiskenligi 1yi temsil ettigini gosterse de, 0,25° grid ¢Ozlniirliigii dar vadiler, baki
farkliliklar1 ve yiiksek zirveler gibi alt-grid Olcekli ayrintilar1 tam olarak temsil
edememekte; Ozellikle vadi tabanindaki istasyonlarda mutlak sicaklikta sistematik
farklar olusabilmektedir. Ayrica istasyon kayitlar1 homojenlik diizeltmesine tabi
tutulmamis ve karsilastirma il merkezlerindeki istasyonlarla yapilmis olup Ardahan,
Bitlis, Igdir ve Tunceli illerinde GHCN-Daily istasyonu bulunmadigindan bu iller
dogrulama disinda kalmistir. Bu nedenle il Olgeginde anlamlilik esigine ulasmayan
egilimler dogrudan grid ¢oziliniirliigiine atfedilmemis, istasyon karsilastirmasiyla birlikte
yorumlanmistir. Gelecek ¢alismalarda daha yogun istasyon agi, yiikseklik diizeltmesi ve
homojenlestirilmis serilerle mevsimsel Olgekte ayrintili  dogrulama yapilmasi
Onerilmektedir.

Sonugclar

Dogu Anadolu Bolgesi'ni temsil eden ERAS grid alaninda 1950-2025 déneminde
yillik ortalama sicaklikta 0,28 °C/10 yil diizeyinde anlamli artig belirlenmistir. Biitiin
mevsimlerde pozitif ve istatistiksel olarak anlamli egilim goriilmiis; en yiiksek uzun
donem egim yaz mevsiminde 0,35 °C/10 y1l olarak hesaplanmistir.

Grid ve il bazli analizler, bolge ortalamasinin mekansal farklilagsmay1 tek basina
yansitamadigimi gostermistir. ilkbahar ve yaz mevsimlerinde anlamli artis sinyali
gridlerin ¢ok biiyiik boliimiine yayilirken, kis mevsiminde anlamli grid orani1 daha
diisiik kalmistir. 11 diizeyinde Elaz1g, Malatya, Hakkari, Erzurum, Kars ve Mus gibi iller
mevsime bagli olarak farkli egilim biiytikliikleri gostermistir.

WMO standart normal donemleri karsilastirmasi, 1991-2020 déneminin 1961-
1990 déneminden 0,79 °C daha sicak oldugunu gdstermistir. 2021-2025 yillari ise 1991-
2020 normalinin ortalama 1,61 °C iizerinde seyretmistir. Ana sonuglar uzun doénem
egilimi, WMO standart normal donemleri ve giincel anomaliler iizerine kurulmustur.
Gelecek caligmalarda ERAS bulgularinin il merkezi ve yliksek rakimli istasyonlarla
dogrulanmasi, ayrica sicaklik degisiminin kar Ortiisii, akim rejimi ve tarimsal
gostergelerle birlikte degerlendirilmesi dnerilmektedir.
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Bu calisma, Hakkari Universitesi Bilimsel Arastirma Projeleri Koordinasyon Ofisi
tarafindan desteklenmistir (Proje No: FM19BAP).

Etik Kurulu Onay1 ve Cikar Catismasi
“Hazirlanan makalede hig¢bir kisi veya kurumla ¢ikar ¢atismasi bulunmamaktadir”

“Yazarlar, hazirlanan makaleyle ilgili olarak hig¢bir kisi veya kurumla ¢ikar ¢atigmasi
bulunmadigini beyan ederler.”
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Yapay Zeka Kullanimina Iliskin Etik Bildiri

“Bu makalenin hazirlanmasi sirasinda, “Google” tarafindan gelistirilen “Gemini” adli
yapay zeka araci, yalnizca dilbilimsel diizeltmeler amaciyla siirl 6l¢iide kullanilmistir.
Bilimsel igerik, analiz ve sonuglar tamamen yazar(lar)in sorumlulugundadir.”
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Ozet

Bu calismada, endiistriyel ve akademik alanda yaygin olarak tercih edilen Polilaktik Asit (PLA)
malzemesi, Eriyik Yigma Modelleme (FDM) yontemi kullanilarak, deney numuneleri; sabit katman
yiiksekliginde (0,1 mm) farkli nozul sicakliginda (200 °C, 210 °C, 220 °C ve 230 °C) ve farkli tarama
stratejilerinde (Concentric, Rectilinear, Hilbert Curve ve Octagram Spiral) iiretilmistir. Uretim
parametrelerinin, ylizey pirizliilik degeri (Ra), sertlik (Shore D), boyutsal dogruluk ve gevresel
stirdiirtilebilirlik arasindaki etkilerinin arastirilmasi ve optimize edilmesi amaglanmistir. Minitab programi
ile Anderson-Darling (AD) testi uygulayarak giiven testi yapilmig ve ANOVA analizi gergeklestirilmistir.
Nozul sicakligindaki artisin, PLA malzemesinin reolojik davranigimi iyilestirerek katmanlar arasi
adhezyonu giiglendirdigi ve bosluk oranini azalttig1 gozlemlenmistir. Maksimum yogunluk (p) degerinin
220 °C nozul sicakliginda Rectilinear tarama stratejisinde oldugu belirlenmistir. En yiiksek sertlik direnci
ise dikey yiiklere karsi homojen yapisiyla Hilbert Curve tarama stratejisi olmustur. Diisiikk nozul
sicakliklarinda (200 °C) soguma hizina bagli olarak nominal degerin (25 mm) altinda sonuglar elde
edilirken yiiksek nozul sicakliklarinda PLA malzemenin yayilmasiyla pozitif sapma gozlemlenmistir.
Uretim parametrelerinin gevresel maliyeti incelendiginde tarama stratejilerinin karmasikliginin karbon
emisyonunu dogrudan etkiledigi goriilmektedir.

Anahtar Kelimeler 3D Yazici, Yiizey Piiriizlillik Degeri (Ra), Sertlik (Shore D), Karbon Emisyonu,
Geometrik Toleranslar.

Experimental Investigation and Optimization of the Effects of
Manufacturing Parameters on Surface Quality, Geometric Tolerances, and
Hardness of PLA Material Produced by FDM Method

Abstract

In this study, Polylactic Acid (PLA) material, which is widely preferred in industrial and academic
fields, was used to produce test specimens using the Fused Deposition Modeling (FDM) method at a
constant layer height (0.1 mm) with different nozzle temperatures (200 °C, 210 °C, 220 °C, and 230 °C)
and different scanning strategies (Concentric, Rectilinear, Hilbert Curve, and Octagram Spiral). The aim
was to investigate and optimize the effects of manufacturing parameters on surface roughness value (Ra),
hardness (Shore D), dimensional accuracy, and environmental sustainability. Confidence testing was
performed by applying the Anderson-Darling (AD) test using Minitab software, and ANOVA analysis
was conducted. It was observed that the increase in nozzle temperature improved the rheological behavior
of PLA material, strengthening interlayer adhesion and reducing the void ratio. The maximum density (p)
value was determined to occur at 220 °C nozzle temperature with the Rectilinear scanning strategy. The
highest hardness resistance was achieved with the Hilbert Curve scanning strategy due to its
homogeneous structure against vertical loads. While results below the nominal value (25 mm) were
obtained at low nozzle temperatures (200 °C) depending on the cooling rate, positive deviation was
observed at high nozzle temperatures due to the spreading of PLA material. When examining the
environmental cost of manufacturing parameters, it is evident that the complexity of scanning strategies
directly affects carbon emissions.
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Giris

Eklemeli imalat (EI) teknolojileri igerisinde en genis kullanim alanina sahip olan
Eriyik Yigma Modelleme (FDM) yontemi; tiretim maliyetinin diisiik olmasi, karmasik
geometrilere sahip tasarimlarin yiiksek hassasiyetle iiretilebilme kabiliyeti sayesinde
hem endiistriyel uygulamalarda hem de akademik caligmalarda stratejik bir oneme
sahiptir. Ancak, bu yontemle iiretilen is parcalarinin mekanik performansi ve yiizey
blitlinliigii, iiretim Oncesinde belirlenen parametrelere bagli olarak 6nemli Olgiide
degisim gostermektedir (Adanur vd., 2024; Sagbas, 2018). Ozellikle PLA (Polilaktik
Asit) malzemelerin EI ile iiretiminde, doluluk orani, nozul sicaklig1, katman yiiksekligi,
baski hizi gibi iretim parametrelerinin iiretilen malzemenin mekanik &zellikleri ve
yiizey pliriizliliigii ile olan baglantisi, {iretilen malzemenin endiistriyel performansini
belirleyen temel unsurlar arasinda yer almaktadir (Pinar vd., 2023; Kuruoglu vd., 2022).
Uretim parametrelerinin sistematik olarak kontrol edilmesi ve hedeflenen Kalite
standartlarina ulasilabilmesi amaciyla; giincel ¢aligmalarda Taguchi deneysel tasarim
metodolojisi ve ANOVA analizlerinden yararlanilarak; katman yiiksekligi, doluluk
orani, yazdirma stratejisi, gibi faktorlerin yiizey piiriizliliigii, ortalama sertlik degeri,
geometrik Ol¢ii tamligl lizerinde baskin etkileri ve optimum proses parametrelerini
belirlendigi gortilmektedir (Yanar vd., 2026). S6z konusu optimizasyon siirecleri
yalnizca yiizey kalitesi gibi teknik ciktilarin iyilestirilmesini degil, ayn1 zamanda
malzeme israfint ve enerji sarfiyatini minimize ederek imalat siireclerinin
siirdiiriilebilirlik hedefleriyle uyumlu hale getirilmesini de hedeflemektedir. Bu
calismada; FDM yontemiyle iiretilen PLA numunelerinin yiizey kalitesi, geometrik
toleranslari, yogunlugu, iiretim aninda tiiketilen enerji miktar1 ve ortalama sertlik degeri
tizerindeki liretim parametrelerinin etkilerinin deneysel olarak belirlemeyi ve optimize
etmek hedeflenmektedir. Bu kapsamda; sabit katman yiiksekliginde, farkli nozul
sicakliklarinda, sabit tabla sicakliginda, farkli tarama stratejilerinin; ylizey piirtizliilik
degeri (Ra) yogunluk (p), ortalama sertlik (Shore D), iiretim anindaki karbon emisyonu
(CE g/COy) ve ylizeyler aras1 mesafe (mm) gibi kritik karakteristikler tizerindeki etkileri
detayli bir sekilde analiz edilerek, yiiksek performansl iiretim i¢in optimum proses
kosullar1 belirlenmesi amaglanmaktadir. Mevcut literatiir verileri incelendiginde; FDM
proses degiskenliklerinin mekanik karakteristikler iizerindeki etkilerinin siklikla
Taguchi metodolojisi ve ANOVA Varyans analizi edildigi goriilmektedir (Nas, 2024).
Yapilan bu arastirmalar, 6zellikle doluluk oraninin, ¢ekme mukavemeti ve kirilma
direnci gibi temel mekanik oOzellikler {izerinde en etkili ve belirleyici parametre
oldugunu ortaya koymaktadir (Kumar vd., 2023; Benali vd., 2023). Literatiirdeki giincel
caligmalar bu yaklasimi desteklemekte; 6rnegin Taguchi L9 metodolojisiyle yiiriitiilen
caligmalarda, katman yliksekliginin cekme dayanimi tizerinde yaklasik %70 gibi baskin
bir etkiye sahip oldugu belirlenmistir. Benzer sekilde, yiizey sertligi karakterizasyonuna
da katman yiiksekliginin yaklagik %97 istatistiksel giivenirlik diizeyi ile en belirleyici
parametre oldugu belirlendigi goriilmektedir (Yanar vd., 2026). Elde edilen bu bulgular,
FDM yontemiyle iiretilen PLA esashi bilesenlerin yapisal biitiinliigiinii ve mekanik
performansin1 maksimize etmek adina katman yiiksekliginin 6nemli bir kontrol
degiskeni oldugunu gostermektedir. Literatiirde Taguchi metodolojisinin; porozite,
tarama stratejisi ile iiretim oryantasyonu gibi ¢ok sayida proses parametresinin
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optimizasyonunda kullanildig1 calismalar incelendiginde; bu yaklasimin yalnizca
mekanik dayanimi artirmakla kalmadigi, ayn1 zamanda boyutsal hassasiyeti iyilestirme
ve termal kaynakli ¢arpilma deformasyonunu minimize etme hususunda da yiiksek bir
etki sergiledigi goriilmektedir (Batu vd., 2023). Literatiirdeki bu metodolojik ¢esitliligi
destekleyen diger arastirmalar; FDM {iretim parametrelerinin PLA esasli numunelerinin
cekme mukavemeti, akma dayanimi ve agirlik gibi karakteristikleri tizerindeki etkilerini
Taguchi ve Gri liskisel Analiz ydntemlerini entegre ederek incelendigi goriilmektedir.
Bu c¢alismalar, ¢ok kriterli karar verme siireglerinin tretim Kalitesini stabilize etmedeki
etkinligini belirlemektedir (Toprak vd., 2024). Genel olarak bu tiir metodolojiler, deney
sayisini kayda deger oranda azaltarak yiiksek maliyetli ve zaman alic1 tam faktoriyel
deney tasarimlarina olan ihtiyaci ortadan kaldirmaktadir (Kartal vd., 2018). Bu
baglamda Taguchi optimizasyon teknikleri; mekanik karakteristikler ve liretim maliyeti
gibi ¢oklu ¢ikt1 hedefleri lizerindeki parametre etkilerini sistematik olarak analiz ederek,
ideal kombinasyonlarin belirlenmesinde operasyonel bir arag¢ olarak kabul edilmektedir.
Bu c¢ercevede, Taguchi metodolojisinin FDM siirecinde birden fazla performans
kriterinin es zamanli optimizasyonu i¢in sundugu avantajlar; iiretim siireclerindeki
degiskenligi yonetmek ve hedeflenen malzeme karakteristiklerini hassas bir sekilde elde
etmek adima stratejik bir 6nem tasimaktadir (Patel vd., 2024). Literatiirdeki bu temel
ihtiyagtan hareketle;, FDM yontemi ile {iretilen PLA numunelerinin, iiretim
parametrelerinin; ylizey kalitesi, geometrik toleranslart ve ortalama sertlik degerleri
lizerindeki etkisi deneysel olarak incelenmesi hedeflenmektedir. Calisma kapsaminda, Is
parcalarin sadece yiizey kalitesinin 6tesinde, endiistriyel montaj ve fonksiyonellik i¢in
kritik olan yiizeyler aras1t mesafe (mm) ve geometrik toleranslarin belirlenmesi, farkli
tarama stratejilerinin deney numunelerinin mekanik ve fiziksel etkilerini kiyaslamak,
cok faktorlii bir optimizasyon yontemi kullanilarak performans kriterlerini maksimize
eden en uygun parametre kombinasyonlar1 belirlenerek, gerceklestirilen bu analizlerin,
El siireglerinde siklikla karsilasilan parametre etkilesimlerini acikliga kavusturulmasi ve
endiistriyel uygulamalarda optimum {iretim kosullarinin belirlenmesi amac¢lanmaktadir.

Materyal ve Yontem
Deney Numunesi Uretimi ve Olciimleri

Bu calismada, FDM yontemiyle iiretilen deney numunelerinin boyutsal
hassasiyeti, yiizey piiriizliillik degeri, yogunluk, sertlik ve iiretim aninda 3D yazicinin
enerji tiketimini incelemek amaciyla Polilaktik Asit (PLA) esasli 25x25x25 mm
boyutlarinda deney numuneleri tretilmistir. Eklemeli imalat siirecinde ham madde
olarak Porima firmasina ait 1,75 mm capinda Porima Eco Smart PLA filament tercih
edilmigtir. Uretim esnasinda nem kaynakli gdzeneklilik, capaklanma ve yiizey
puriizliliigii hatalarin1 6nlemek igin, filament ekstriizyon islemi oncesinde kurutularak
nemden arindirilmistir. Deney tasariminin kurgulanmasinda ve iiretim parametresi
kombinasyonlarmin optimizasyonunda Taguchi L16 ortogonal dizisi esas alinmistir.
Eklemeli imalat siirecinde ¢ikt1 degiskenleri iizerinde etkileri incelenen bagimsiz girdi
parametreleri; dort farkli nozul sicakligi (200, 210, 220 ve 230 °C) ve dort farkli tarama
stratejisi (Concentric, Rectilinear, Hilbert Curve ve Octogram Spiral) olarak
belirlenmigtir. Deney matrisinin olusturulmasinda kullanilan kontrol faktorleri ve
bunlara ait seviyeler Tablo 1°de, deney numunesi islem parametreleri ise Tablo 2’de
verilmistir.
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Tablo 1. Uretim parametreleri i¢in kullamlan kontrol faktorleri ve seviyeleri.

Semboller  Kontrol Faktorleri Birimler Seviyeler
Seviye 1 Seviye 2 Seviye 3 Seviye 4
A Nozul Sicaklig1 (&O) 200 210 220 230
B Tarama Stratejisi - Concentric  Rectilinear Hilbert Octogram
Curve Spiral
C Katman Yiiksekligi (mm) 0,1

Tablo 2. Deney numunelerinin iiretim parametreleri.

Uretim Parametreleri Deger

Tarama agisi (-45/45), (0/90)
Doluluk orani (%) 100

Bask1 hizi (mm/s) 250

Nozul sicakli (°C) 200,210,220,230
Tabla sicaklig1 (°C) 50

Ortam sicakligi (°C) 25

Alt katman sayis1 2

Ust katman sayis1 2

Destek durumu Yok

Tabla kaplamasi PEI (Polyetherimide)
Nozul Cap1 (mm) 0,4

Katman yiiksekligi 0,1

Bosta gezme hizi (mm/s) 250

Dilimle programi Creality Print 5.1

Belirlenen bu parametre kombinasyonlarmma goére CAD (SolidWork) ortaminda
tasarlanan deney numuneleri, FDM tipi (Creality K1 Max) ii¢c boyutlu yazicida
tiretilmistir. Boyutsal hassasiyet ve mikro sapma analizlerinin ii¢ boyutlu olarak yiiksek
dogrulukta belirlenmesi amaciyla, deney numuneleri lizerinde 6zel Slglim yiizeyleri
belirlenmistir. Tasarlanan CAD modeli ve deney numunesi lizerinde belirlenen yiizeyler
Sekil 1°de verilmistir.

i

Sekil 1. Uretilen parganin teknik resmi ve geometrik toleranslarin tanimu.

Uretilen deney numunelerinin geometrik toleranslar1 ve 6lgiimlerinin kontroliinde;
geleneksel Ol¢iim yontemlerinin getirebilecegi operatoér kaynakli hatalar1 6nlemek ve mikron
mertebesinde dogruluk saglamak admma 1 pm Ol¢lim hassasiyetine sahip, Hexagon firmasi
tarafindan iiretilen DEA Global Performance 10.7.7 Koordinat Olgiim Cihazi (CMM)
kullanilmistir. Deney numuneleri tizerinde A-B, C-D ve E-F yiizeyleri arasindaki mesafeler,
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CMM cihazinin hassas dokunmatik probu vasitasiyla, parca referans diizlemleri iizerinde
otomatik olarak taranmis ve boyutsal hassasiyet verileri belirlenmistir. Uretilen deney
numunelerinin ylizey kalitesini belirlemek amaciyla elmas uglu Marh MarSurf PS1 tasinabilir
yiizey profilometre cihazi kullamilarak yiizey piiriizliliik degeri (Ra) olglimleri yapilmistir.
Deney numunelerinin kati1 formdaki gercek ve bagil yogunluklari, Arsimet prensibine dayali sivi
kaldirma kuvveti yontemiyle belirlenmistir. Bu 6l¢iimlerde, mikro 6lcekli kiitle degisimlerinin
hassas bir sekilde tespit edebilmek adina 0,1 mg (0,0001) hassasiyetine sahip hassas terazi ve
buna bagl yogunluk belirleme kiti kullanilmistir. Uretilen deney numunelerinin sertliklerinin
tespit etmek amaciyla, polimer esasli malzemelerin karakterizasyonuna uygun olarak ASTM
D2240 standardi kullanilarak Shore D sertlik 6l¢iim cihazi ile deney numuneleri iizerinde bes
farkli noktadan sertlik 6l¢iim sonuglar1 aritmetik ortalamalari alinarak deney numunelerinin
sertlik degerleri belirlenmistir. Uretim parametrelerinin sadece fiziksel ve mekanik &zellikleri
tizerindeki etkileri degil, ayn1 zamanda c¢evresel siirdiiriilebilirlik boyutundaki etkileri de
degerlendirilmistir. FDM yontemiyle gerceklestirilen iiretim siirecinde olusan karbon ayak izi
temel olarak yazicinin operasyonel enerji tiiketimi ile dogrudan iliskilidir. Karbon emisyonu
degerlerinin hesaplanmasinda, her bir deney kombinasyonu (nozul sicakligi, tarama stratejisi ve
basim siiresi) igin cihazin toplam enerji tiiketimi (E) temel alinmustir. Karbon emisyonu
hesaplamasinda baginti 2.1 kullanilmistir.

CO,(g) = E(kWh) xEF  (2.1)

Bu bagintida E baski siiresi boyunca tiiketilen toplam elektrik enerjisi; EF ise
kullanilan elektrik sebekesinin birim enerji basina karbon yogunlugunu temsil
etmektedir (Aydin vd., 2025). Yapilan ¢alismada izlenen deney prosediirii Sekil 2°de
verilmistir. Deneysel tasarim, tam faktoriyel (4x4 =16) i¢cermektedir. Her kombinasyon
icin li¢ tekrar hazirlanarak toplam 48 deney numunesi iiretilmistir.

Deney Numunesinin
Tasarimi

3D Yazici

Enerji Olgiimii

Filament

@ o~

Uretilen Deney Numunesi

I
{ ! ! !

CMM Olgiimi Yogunluk Olgiimii Ra Olgitmi Analiz

Sekil 2. Deney prosediirii.

78



Dogu Fen Bilimleri Dergisi / Journal of Natural & Applied Sciences of East 9(1): 74-94 (2026)

Arastirma Makalesi / Research Article

Bulgular

Calismanin bu boliimiinde, FDM yontemiyle belirlenen iiretim parametreleriyle
tiretilmis olan PLA deney numunelerinin boyutsal, fiziksel, mekanik ve cevresel
siirdiiriilebilirlik sonuglarindan elde edilen veriler degerlendirilmektedir. Deney
sonuclarindan elde edilen veriler Tablo 3’de verilmektedir.

Tablo 3. Deneysel ¢aligsmalar sonucunda iiretim parametrelerine bagl sonuglar.

Deney A-B C-D E-F Ra Yogunluk Sertlik Karbon Emisyonu
No Mesafesi Mesafesi Mesafesi (um) (glem®) (Shore D) (CE g/COy)
1 24.93 25.2 25.04 13.54 94.53295 76.67 2.10584
2 24.96 24.84 24.9 12.42 94.04226 76 2.09001
3 24.82 24.92 24.73 12.22 93.00569 77.33 4.08238
4 24.96 24.87 24.99 12.87 92.94702 75.33 2.43702
5 25.4 25.17 25.18 12.72 93.14889 75.67 2.18584
6 25.1 24.89 24.98 10.55 95.38524 76.33 2.09501
7 24.94 24.93 25 10.099 95.35737 77.33 4.10138
8 24.98 25 25.26 11.3 94.05428 76.67 2.53902
9 25.21 25.15 25.2 10.95 94.36761 77.33 2.19124
10 25.12 24.94 25.17 10.05 97.79398 76.33 2.14499
11 25.09 24.93 24.98 9.974 96.60375 78 4.18978
12 25.13 24.98 25.1 9.887 94.81098 77.33 2.70114
13 25.26 25.1 25.12 11.02 94.09964 77 2.21666

14 25.04 25.14 25.02 11.27 93.63024 77.67 2.2
15 25.12 25.05 25.09 10.08 95.78766 79 4.29722
16 25.06 24,97 25.06 11.06 93.55049 78.33 2.86528

Uretim Parametrelerinin Yiizey Piiriizliiliik Degeri (Ra) Uzerindeki Etkisi

PLA malzemesinden FDM yo6ntemiyle iiretilen deney numunelerinden 6lciilen
yiizey piiriizliiliikk degerleri, kontrol faktorleri olan nozul sicakligl ve tarama stratejisine
bagli olarak minimum ve maksimum degisimleri (sirasiyla 9,887 pm ve 13,54 pum)
Sekil 3’de verilmistir. Sekil 3 incelendiginde sabit katman yiiksekliginde (0,1 mm) hem
nozul sicakliginin hem de tarama stratejisinin yiizey kalitesi lizerinde oldukc¢a belirgin
bir etkisinin oldugu goriilmektedir. Nozul sicakliginin 200 °C olarak belirlenen tiim
tarama stratejilerinde yiizey puriizliililk degerinin yiiksek ¢ikmasi PLA malzemesinin
dinamik viskozitesinin yiiksek kalmasi ve bu durumunda katmanlar arasi birlesmenin
tam olarak gerceklesmedigini ve katmanlar arasinda derin girinti ve cikintilarin
olugsmasini sagladig diisiiniilmektedir. Ancak nozul sicakliginin 200 °C’den 220 °C’ye
cikarildiginda tiim tarama stratejilerinde yiizey piiriizliiliikk degerinde (Ra) belirgin bir
azalma (iyilesme) goriilmektedir. Nozul sicakligindaki artisin PLA malzemesinin
viskozitesini digiirerek, yayillma kabiliyetini artirmasi1 ve katmanlar arasindaki
birlesmeyi artirmasiyla agiklanabilmektedir. Ancak nozul sicakliginin 230 °C’ye
cikarilmasi tiim tarama stratejilerinde yiizey piiriizliilik degerinde az da olsa bir artisa
sebep oldugu goriilmektedir. Bu artigin asir1 sicakligin neden oldugu kontrolsiiz akis
veya malzemenin termal kararligindaki degisimle aciklanabilir (Caputo vd.,
2022).Tarama stratejileri karsilastirildiginda en diisiik yiizey piiriizlilik degeri 220
°C’de Hilbert Curve ve Octagram Spiral tarama stratejilerinde (sirasiyla 9,887 pum ve
9,974 pm) elde edildigi goriilmektedir. Bu tarama stratejileri yiizey piiriizliilik degeri
icin en ideal iiretim kosullarim1 gostermektedir. Bu sonuglar iiretim parametrelerinin
yiizey kalitesi tizerindeki etkisini destekleyen gilincel aragtirmalar ile uyum
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gostermektedir (Golhin vd., 2023; Caputo vd., 2022). Yapilan istatistiksel analiz
sonucunda nozul sicakliginin yiizey pirtizlilik degeri lizerindeki etkisinin %68,23
tarama stratejisini ise %21,63 oldugu belirlenmistir.

Yiizey Piiriizliliik Degeri Ra (\un)

8
Katman Yilksehlig (mm) 01 01 01 01
Nemlscadgrey| 200 | 210[220] 230 | 200 [210[220] 230 | 200 [210[220] 230 | 200 [210[220] 230
Tarama Stradejisi Concentric Rectilinear Hilbert Curve Gctogram Spiral

Sekil 3. Deney numunelerinin yiizey piirtizliilik degeri (Ra) sonuglari.
Uretim Parametrelerinin Bagil Yogunluk (p) Uzerindeki Etkisi

FDM yontemiyle farkli parametrelerde tretilen PLA numunelerinin yogunluk (p)
degerinin, nozul sicakligi ve tarama stratejisine bagh degisimini gosteren grafik Sekil
4’de verilmistir. Grafikte, nozul sicakliginin 200 °C’den 220 °C’ye ¢ikarilmasiyla tiim
tarama stratejilerinde yogunluk degerinin arttigi goriilmektedir. Sicaklik artist PLA
malzemenin viskozitesini diislirerek malzemenin daha akigkan hale gelmesini
saglayarak, katmanlarin birbirine daha 1yi birlesimini, yani katmanlar arasi bagin
artmasmna neden oldugu disliniilmektedir. Daha yiiksek sicakliklarda PLA
malzemesinin yayilma kabiliyeti arttig1 ic¢in liretim esnasinda olusan mikro bosluklar
daha etkin sekilde dolarak, toplam yogunlugun %98,8 seviyelerine (Rectilinear tarama
stratejisinde 220 °C’de) ¢ikmasini sagladigi goriilmektedir. Ancak, nozul sicakligi 230
°C’ye ¢ikildiginda, yogunluk degerinde gozlemlenen diisiis, PLA malzemenin asiri
1sinmast sonucu olusan termal genlesme ve polimer zincirlerindeki olast degredasyonun
yapisal biitiinliigli olumsuz etkilemesiyle agiklanabilir (Sing, 2025). Farkli tarama
stratejilerinin yogunluk iizerinde belirgin bir hiyerarsi olusturdugu goriilmektedir.
Rectilinear tarama stratejisi 220 °C’de en yiiksek yogunluk degerini sunan strateji
oldugu goriilmektedir. Bu strateji ekstriizyon yollarinin dogrusal ve birbirine paralel
ilerlemesi, hava bosluklarinin en aza indirilmesiyle en efektif sonuglar gorilmiistiir.
FDM yontemiyle tiretim siirecinde, yogunlugun sadece malzeme miktariyla degil, nozul
sicakliginin kontrol ettigi davranig ve tarama stratejisinin kontrol ettigi katman dizilisi
ile dogrudan iliskili oldugu diistiniilmektedir. (Singh, 2026; Caputo vd., 2022). Yapilan
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istatistiksel analiz sonucunda nozul sicakliginin yogunluk iizerindeki etkisinin %40,19
tarama stratejisini ise %23,71 oldugu belirlenmistir.

100

99

98

(<o}
[e2]
|

Yogunluk (p)
&
1

92

91 4

90
Katman yiiksekligi (mm)| 0,1 0,1 0,1 0,1

Nozul Sicaklig (-0) | 200 [210[220] 230 | 200 [210]220] 230 | 200 [210]220] 230 | 200 [210[220] 230
Tarama Stratejisi Concentric Rectilinear Hilbert Curve Octogram Spiral

Sekil 4. Deney numunelerinin bagil yogunluk (p) sonuglari.
Uretim Parametrelerinin Sertlik (Shore D) Uzerindeki Etkisi

FDM yontemiyle iiretilen PLA numunelerinin Shore D sertlik degerlerinin iiretim
parametrelerine (nozul sicakligi ve tarama stratejisi) bagh olarak degisimi Sekil 5’de
verilmistir. Sekil 5 incelendiginde nozul sicakligr arttikca deney numunelerinin sertlik
degerinde bir artis gozlemlenmistir. Nozul sicakliginin 200 °C’den 230 °C’ye
cikarilmast PLA malzemenin reolojik 6zelliklerini 1iyilestirerek katmanlar arasi
difiizyonu ve molekiiler bag enerjisini artirdig diistiniilmektedir (Caputo vd., 2022). Bu
durum, katmanlarin birbirine daha siki birlesmesini saglayarak deney numunelerinin
basma ve batma direnci olan sertlik degerini artirdig1 goriillmektedir. Deney sonuglarina
gore en yiiksek sertlik degeri (79 Shore D) Hilbert Curve tarama stratejisinde 230 °C’de
goriilmektedir. Bu tarama stratejisinin, karmasik ve i¢ ice gecen geometrik yapisi, dikey
yiiklemelere karst daha homojen bir direng gosterdigi diisliniilmektedir. Bu durum
karmagik dolgu desenlerinin mekanik 6zelliklerini artirdigin1 kanitlamaktadir (Rankouhi
vd., 2016). Katman yiiksekliginin 0,1 mm olmasi, her bir katmanin alt katmana
uyguladig1 termal enerjiyi artirarak genel sertlik seviyesinin (75-79 Shore D arasinda)
artmasin1 saglamaktadir. Maksimum numune sertligi i¢in 230 °C nozul sicakligi ile
birlikte Hilbert Curve tarama stratejisinin kullanilmasinin en ideal iiretim parametresi
oldugu gozlemlenmistir. Yapilan istatistiksel analiz sonucunda nozul sicakliginin sertlik
tizerindeki etkisinin %49,03 tarama stratejisini ise %31,50 oldugu belirlenmistir.
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Sekil 5. Deney numunelerinin sertlik (Shore D) sonuclari.
Uretim Parametrelerinin Karbon Emisyonu (CE g/CO,) Uzerindeki Etkisi

FDM yontemiyle PLA numunelerin iiretim siirecinde iiretim parametrelerinin,
(nozul sicaklig1 ve tarama stratejileri) karbon emisyonu (CE g/CO;) degerleri lizerindeki
etkisini gosteren grafik Sekil 6’da verilmistir. Grafik incelendiginde, tiim tarama
stratejilerinde nozul sicaklig: arttikga karbon emisyonu degerinin arttig1 goriilmektedir.
FDM siirecinde nozul sicakliginin artirilmasi, 1sitict sistemin hedef sicakligi korumasi
i¢cin daha fazla elektrik enerjisi tiiketmesine neden oldugu diisiiniilmektedir. Bu durumu
literatiirde, nozul sicakliginin elektrik tiiketimi ve dolayisiyla karbon emisyonlari
tizerinde en etkili parametrelerden biri oldugu vurgulanmaktadir (Priyamal vd., 2024).
Nozul sicakliginin 200 °C’den 230 °C’ye ¢ikarilmasiyla emisyon degerlerindeki artis
net bir sekilde goriilmektedir. Bu durum, siirdiiriilebilir tiretim igin sicaklik ve enerji
tilketimi arasindaki dengenin optimize edilmesi gerektigini dogrulamaktadir (Vidakis
vd., 2023). Grafikte en ¢arpict bulgu, tarama stratejisinin karbon emisyonu iizerinde
etkisini gostermektedir. Hilbert Curve yazdirma stratejisi, diger yazdirma stratejilerine
gore yaklasik iki kat daha fazla karbon emisyonuna (4,1 CE g/CO;) neden olmaktadir.
Bu durum, tarama stratejisinin karmagsik yol geometrisiyle birlikte nozulun daha fazla
ivmelenme/yavaglama hareketi yapmasina ve baski siiresinin uzamasina neden
olmaktadir. Bu durum, toplam enerji tiiketimini ve karbon emisyonunu artirmaktadir.
Sonuglar incelendiginde, FDM siirecinde ¢evresel siirdiiriilebilirliginin sadece malzeme
tiriine gore degil, belirlenen iiretim parametrelerine bagli oldugunu gostermektedir.
Katman yiiksekliginin 0,1 mm olmasi, birim hacim basina diisen katman sayis1 ve
dolayisiyla toplam baski siiresini artirdig1 igin, tiretim parametreleri se¢ciminde karbon
emisyonu iizerindeki etkisi ¢ok daha belirgin hale gelmektedir. Maksimum
stirdiiriilebilirlik (minimum karbon emisyonu) icin diisikk nozul sicakligi ile birlikte
toplam basim siiresini diisliren tarama stratejilerinin tercih edilmesi Onerilmektedir
(Tiwari vd, 2023).
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Tarama Stratejisi Concentric Rectilinear Hilbert Curve Octogram Spiral

Sekil 6. Deney numunelerinin {iretim anindaki karbon emisyon (CE g/CO3) sonuglari.

Uretim Parametrelerinin A-B Yiizeyleri Arasindaki Mesafe (mm) Uzerindeki
Etkisi

FDM yontemiyle iiretilen PLA numunelerinin boyutsal dogrulugu (A-B ylizeyleri
arasindaki 25 mm nominal mesafe ilizerinden) iiretim parametrelerine bagli olarak
degisimini gosteren grafik Sekil 7°de verilmistir. Grafik incelendiginde, nozul
sicakligindaki artisin numune boyutlarii genellikle nominal degerin (25 mm) {izerinde
cikarma egilimde oldugu goriilmektedir. Nozul sicakliginin 200 °C gibi diisiik
sicakliklarda yapilan deneylerde iiretilen numuneler genellikle nominal degerin altinda
(yaklasik 24,8-24,9 mm) kalirken, nozul sicaklig1 artik¢a yiizeyler arasi degerler 25 mm
esigini agmaktadir. Bu durum, yiliksek sicakliklarda polimer viskozitesinin diismesi
sonucu, malzemenin daha fazla yayilmasi ve termal genlesme katsayisinin etkisiyle
aciklanabilir. Diislik nozul sicakliklarinda iiretilen numunelerin, yiizeyler aras1 mesafede
goriilen nominal alt1 degerler, katmanlar arasi soguma sirasinda, olusan termal
gerilmelerin ¢ekme etkisinden oldugu diislinilmektedir. Farkli tarama stratejilerinin,
yiizeyler arast nominal degerden (25 mm) belirgin farkliliklar gozlemlenmistir. Bu
stratejiler arasinda yer alan Concentric tarama stratejisi 6zellikle 210 °C ve {izerinde en
yiiksek sapmay1 (yaklasik 25,4 mm) sergileyerek nominal degerden en ¢ok uzaklasan
tarama stratejisi olmustur. Bu stratejide dairesel merkezli yollarin izlenmesi,
malzemenin dis yiizeylere dogru yigilmasina ve boyutsal toleranslarin asilmasina neden
oldugu diisiiniilmektedir. Tarama stratejileri arasinda nominal degere en yakin stratejiler
ise Rectilinear ve Octagram Spiral oldugu goriilmektedir Bu iki strateji 200 °C ve 220
°C araliginda 25 mm ¢izgisine en yakin degerleri vererek en yiiksek boyutsal dogrulugu
gostermislerdir. Ozellikle Octagram Spiral tarama stratejisi 200 °C ve 210 °C
sicakliklarda, nominal degere tam uyum sagladigi goriilmektedir. Bu, tarama
stratejisinde dogrusal ve capraz gecisli yollarin, termal gerilmeleri daha homojen
dagitarak boyutsal kararlilifi korumasindan kaynaklandigi diisiiniilmektedir. Hassas
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tolerans gerektiren iiretimler i¢cin Rectilinear ve Octagram Spiral tarama stratejilerinin
200 °C ve 220 °C nozul sicakliklarinda kombinlenmesi, A-B yiizeyleri arasindaki
boyutsal sapmayr minimize etmek adma en kararli iliretim parametreleri olarak
goriilmektedir. Yapilan istatistiksel analiz sonucunda, nozul sicakliginin, A-B yiizeyler
arast mesafesi tlizerindeki etkisi %41,12, tarama stratejisini ise %31,99 oldugu
belirlenmistir.
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Sekil 7. Deney numunelerinin A-B yiizeyleri arasindaki mesafe (mm) sonuglari.

Uretim Parametrelerinin C-D Yiizeyleri Arasindaki Mesafe (mm) Uzerindeki
Etkisi

FDM yontemiyle iiretilen PLA numunelerinin boyutsal dogrulugunu (C-D
yiizeyleri arasindaki 25 mm nominal mesafe iizerinden) iiretim parametrelerine bagl
olarak degisimini gosteren grafik Sekil 8’de verilmistir. Grafik incelendiginde nozul
sicakliginin artisinin C-D yiizeyleri arasindaki boyutsal 6l¢iimlerin nominal degere (25
mm) yaklastifi ve bazi1 tarama stratejilerinde ise nominal degerin iizerine ¢iktigi
goriilmektedir. Nozul sicakliginin 200 °C gibi diisiik sicakliklarda, 6zellikle Rectilinear
ve Hilbert Curve tarama stratejilerinde dlgiilen degerler nominal degerin altinda kaldig
goriilmektedir. Bu durum, diisiik sicakliktaki ekstriizyonun ardindan malzemenin
sogumasi sirasinda olusan i¢ gerilmelerin malzemede ¢ekme gerilmesi ile agiklanabilir.
Malzeme akigkanliginin ve yayilma oranmin arttigi nozul sicakligimin 230°C’ye
cikarilmasiyla, malzemenin viskozitesi azalarak yayilma 6zelligi artmakta bu da iiretilen
deney numunesinin boyutsal olarak genislemesine neden oldugu diisiiniilmektedir.
Nozul sicakligmmin artirilmasi1 katmanlar arasi1 birlesimi 1iyilestirirken, boyutsal
toleranslart kontrol etmeyi zorlagtirdig1 goriilmektedir. Tarama stratejileri arasinda
nominal degere (25 mm) uyum bakimindan farkliliklar bulundugu gézlemlenmistir.
Octagram Spiral tarama stratejisi 210 °C, 220 °C ve 230 °C sicakliklarinda nominal
deger olan 25 mm c¢izgisine neredeyse tam uyum sagladig1 goriilmektedir. Bu tarama
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stratejisi geometrik yollarin  dengeli dagilimini, termal gerilmelerin homojen
yayilmasini saglayarak boyutsal sapmalari minimize etmektedir. Ancak Rectilinear
tarama stratejisi ile yapilan deneylerde 200 °C’de belirgin bir kiigiilme gosterirken, 230
°C’de nominal degerin iizerine ¢iktig1 goriilmektedir. C-D ylizeyleri arasinda nominal
mesafenin korunmasi agisindan en basarili kombinasyon 210 °C ve 220 °C nozul
sicakliklart arasinda Octagram Spiral tarama stratejisi oldugu belirlenmistir. Yapilan
istatistiksel analiz sonucunda, nozul sicakliginin, C-D vyiizeyler arasi mesafesi
tizerindeki etkisi %60,39, tarama stratejisini ise %27,67 oldugu belirlenmistir.
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Sekil 8. Deney numunelerinin C-D yiizeyleri arasindaki mesafe (mm) sonuglari.

Uretim Parametrelerinin E-F Yiizeyleri Arasindaki Mesafe (mm) Uzerindeki
Etkisi

FDM yontemiyle tiretilen PLA numunelerinin boyutsal dogrulunu (E-F ylizeyleri
arasindaki 25 mm nominal mesafe ilizerinden) iiretim parametrelerine bagli olarak
degisimini gosteren grafik Sekil 9°da verilmistir. Grafik incelendiginde, 6zellikle 200
°C nozul sicakliginda iiretilen numunelerin ¢gogunlukla, nominal deger olan 25 mm’nin
altinda kaldig1 goriilmektedir. Diisiik sicakliklarda (200 °C) ekstriide edilen PLA
malzemesinin hizli sogumasi, katmalar arasindaki termal gerilmelerin artmasina, ¢ekme
miktarinin yiikselmesine neden olmustur. Bu duruma ek olarak polimer zincirlerinin
yeterince gevsemesine izin vermedigi ayrica boyutsal kiiclilmelere neden oldugu
diisiiniilmektedir. Hilbert Curve tarama stratejisinde 200 °C nozul sicakliginda iiretilen
deney numunesinde, E-F yiizeyleri arasindaki mesafe yaklasik 24,7 mm ile nominal
degere oranla en kiigiik degeri gosteren iiretim parametresi olmustur. Bu durum, tarama
stratejisinin karmagik yol geometrisinin diisiik sicakliklarda zayif akiskanlikta birlestigi
boyutsal biitiinliigii koruyamadigini gostermektedir. Nozul sicakliginin 210 °C ve
tizerine ¢ikarildiginda numunelerin E-F yiizeyleri arasindaki mesafenin nominal degeri
asma egiliminde oldugu goriilmektedir. Octagram Spiral tarama stratejinde 200 °C ve
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230 °C nozul sicakliklarinda nominal deger olan 25 mm ¢izgisine en yakin sonuglarin
elde edildigi ve boyutsal kararlilik sergiledigi goriilmektedir. Hassas iiretim siire¢lerinde
E-F yiizeyleri arasindaki mesafenin korunmasi i¢in Octagram Spiral tarama stratejisi,
genis bir nozul sicakliginda en giivenilir sonuglar vermistir. Ancak Concentric tarama
stratejisinde ise asirt boyutlandirma veya Ol¢liden sapma goriilmektedir. Yapilan
istatistiksel analiz sonucunda, nozul sicakliginin, E-F yiizeyler aras1 mesafesi tizerindeki
etkisi %41,25, tarama stratejisini ise %33,8 oldugu belirlenmistir.
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Sekil 9. Deney numunelerinin E-F yiizeyleri arasindaki mesafe (mm) sonuglari.

Uretim Parametrelerine Bagh Olarak, Yiizey Piiriizlillik Degeri, Uretilen
Malzeme Yogunlugu, Uretilen Malzeme Sertligi ve Yiizeyleri Aras1 Mesafelerin
Optimizasyonu

Olasilik Analizi

Yapilan calismada, iiretim siirecine ait parametrelerin (katman yiiksekligi, nozul
sicakligi ve tarama stratejisi) c¢iktt degerleri iizerindeki etkilerinin istatistiksel
anlamliligr dair farkli yaklagimlar bulundugu bilinmektedir (Sahin vd., 2026, Isik,
2025). Yapmis oldugumuz calismada, tiretim sonucunda elde edilen deneysel verilerin
tesadiifi degiskenlerden armndirilmis oldugunu ve normal dagilim sergiledigini
dogrulamak amaciyla, Anderson-Darling (AD) testi uygulanmistir. Taguchi L16
ortogonal dizini ile gerceklestirilen iiretim deneylerinin, ¢ikti parametreleri (Tablo 2)
icin yapilan analiz sonuglart Sekil 3.8’de verilmistir. Yiizey piriizlilik degeri,
yogunluk, sertlik ve yiizeyler arasi mesafe i¢cin %95 giiven araliginda (CI) olusturulan
grafikler (Sekil 10,) incelendiginde; tiim veri noktalarinin gliven sinirlari igerisinde ve
merkezi egilim cizgileri etrafinda dogrusal bir dagilim sergiledigi goriilmektedir.
Istatistiksel degerlendirme sonucunda yiizey piiriizliiliik degeri, yogunluk, sertlik ve
yiizeyler arasi mesafeleri i¢in P-Value degerinin (sirasiyla 0,129, 0,324, 0,906, 0,590,
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0,196 ve 0,610) 0,05 anlamlilik degerinin iizerinde oldugu goriilmektedir. Ayrica AD
degerlerinin kritik esik degeri olan 0,752’nin altinda olmasi, verilerin normal dagilim
varsayiminin tam olarak karsiladigini dogrulamaktadir. Elde edilen bu bulgular,
deneysel sonuglarin gilivenirligini ve ileri seviye optimizasyon ¢alismalari igin
uygunlugunu bilimsel olarak ortaya koydugu diisiiniilmektedir.
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Sekil 10. a. Ra sonuglar1 i¢in olasilik test grafigi, b. Yogunluk sonuglari i¢in olasilik test
grafigi, c. Sertlik sonuglari icin olasilik test grafigi, d. A-B ylizeyler aras1 mesafeleri i¢in
sonuglari icin olasilik test grafigi, e. C-D ylizeyler aras1 mesafeleri i¢in sonuglari i¢in
olasilik test grafigi, f. E-F yiizeyler arasi mesafeleri i¢in sonuglart i¢in olasilik test
grafigi, verilmistir.

S/N (Sinyal/Giiriiltii) Oranim1 Analizi

FDM ile iiretim siireglerinde operasyonel performansin ve parca biitiinliigiiniin
temel gostergeleri arasinda yer alan yiizey piiriizlillik degeri, imal edilen parcga
yogunlugu ve boyutsal hassasiyet, liretilen fonksiyonel iirlinlerin kalitesini ve kullanim
omriinii dogrudan belirleyen kritik parametrelerdir. PLA (Polilaktik Asit) malzemenin
termal davranislar1 ve katmanli yapist geregi; nozul sicaklifi ve tarama stratejisi gibi
islem parametrelerinin bu ¢iktilar {izerindeki karmasik etkilerini analiz etmek ve parca
kalitesini maksimize etmek, tiretim verimliligi agisindan stratejik bir 6neme sahiptir.
Yapilan bu calismada hedeflenen optimum iiretim sartlarim1 belirlemek amaciyla, ¢cok
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kriterli bir optimizasyon siireci yiiriitilmiistiir. Analizlerde, ylizey piiriizliilik degeri
(Ra) ve boyutsal sapmalar i¢in “en kii¢iik en iyidir” yaklagimi, par¢a yogunlugu ve
sertlik degerleri i¢in ise “en biiyilik en iyidir” yaklasimi esas alinarak, Taguchi tabanli
bir  degerlendirme  yapilmistir.  Deneysel  verilerin  istatistiksel  olarak
anlamlandirilmasinda kullanilan S/N (Sinyal/Giirtiltii) oranlar, ilgili karakteristik
fonksiyonlar araciligiyla hesaplanmistir. FDM (Eriyik Yigma Modelleme) yontemiyle
iiretilen PLA numunelerinden elde edilen 6l¢iim sonuglar1 ve bunlara karsilik gelen S/N
(Sinyal/Gtiriilti) oranlari, ilgili karakteristik fonksiyonlar araciligiyla hesaplanmistir.
FDM yontemiyle iiretilen PLA numunelerinden elde edilen 6l¢iim sonuglar1 ve bunlara
karsilik gelen S/N degerleri Tablo 4 ve 5’de ayrintili olarak verilmistir.

Tablo 4. FDM yéntemiyle iiretilen numuneler i¢in Ra, p ve sertlik deney sonuglar1 ve S/N oranlari.

Den. Ra Ra-S/N Yogunluk Yogunluk -S/N Sertlik Sertlik -S/N
No (um) (dB) (glem®) (dB) (Shore D) (dB)
1 13,540 -22,6324 94,5329 39,5117 76,67 37,6925
2 12,420 -21,8824 94,0423 39,4665 76,00 37,6163
3 12,220 -21,7414 93,0057 39,3702 77,33 37,7670
4 12,870 -22,1916 92,9470 39,3647 75,33 37,5394
5 12,720 -22,0897 93,1489 39,3836 75,67 37,5785
6 10,550 -20,4650 95,3852 39,5896 76,33 37,6539
7 10,099 -20,0856 95,3574 39,5871 77,33 37,7670
8 11,300 -21,0616 94,0543 39,4676 76,67 37,6925
9 10,950 -20,7883 94,3676 39,4965 77,33 37,7670
10 10,050 -20,0433 97,7940 39,8062 76,33 37,6539
11 9,974 -19,9774 96,6038 39,6999 78,00 37,8419
12 9,887 -19,9013 94,8110 39,5372 77,33 37,7670
13 11,020 -20,8436 94,0996 39,4718 77,00 37,7298
14 11,270 -21,0385 93,6302 39,4283 77,67 37,8051
15 10,080 -20,0692 95,7877 39,6262 79,00 37,9525
16 11,060 -20,8751 93,5505 39,4209 78,33 37,8786
TRa 1 1,250 pm TRa—S/N '20,987 dB
Tp 94,569 g/cm? Tp.si 39,204 dB
TSert. 77,02 Shore D Tsert-sin 37,721 dB

Tablo 5. FDM yontemiyle iiretilen numuneler igin A-B, C-D ve E-F mesafelerinin deney sonuglari ve
S/N oranlart.

Den. A-B A-B-S/N C-D C-D -S/N E-F E-F -S/N
No (mm) (dB) (mm) (dB) (mm) (dB)
1 24,93 -27,9344 25,20 -28,0280 25,04 -27,9727
2 24,96 -27,9449 24,84 -27,9030 24,90 -27,9240
3 24,82 -27,8960 24,92 -27,9310 24,73 -27,8645
4 24,96 -27,9449 24,87 -27,9135 24,99 -27,9553
5 25,40 -28,0967 25,17 -28,0177 25,18 -28,0211
6 25,10 -27,9935 24,89 -27,9205 24,98 -27,9518
7 24,94 -27,9379 24,93 -27,9344 25,00 -27,9588
8 24,98 -27,9518 25,00 -27,9588 25,26 -28,0487
9 25,21 -28,0315 25,15 -28,0108 25,20 -28,0280
10 25,12 -28,0004 24,94 -27,9379 25,17 -28,0177
11 25,09 -27,9900 24,93 -27,9344 24,98 -27,9518
12 25,13 -28,0038 24,98 -27,9518 25,10 -27,9935
13 25,26 -28,0487 25,10 -27,9935 25,12 -28,0004
14 25,04 -27,9727 25,14 -28,0073 25,02 -27,9657
15 25,12 -28,0004 25,05 -27,9762 25,09 -27,9900
16 25,06 -27,9796 24,97 -27,9484 25,06 -27,9796
TA-B 125,070mm TA-B -S/N -27,98 dB
TC-D 25,005mm Teo-sn -27,96 dB
Ter 25,051 mm Ter-sin -27,976 dB
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Bu calismada, nozul ¢ap1 0,4 mm, katman kalinlig1 0,1 mm ve doluluk oram
%100 sabit tutularak iiretilen numunelerin boyutsal dogruluklar1 (A-B, C-D, E-F) ile
mekanik ve yiizey ozellikleri (sertlik, yogunluk ve ylizey piiriizliiliik degeri) Taguchi
metodolojisi kullanilarak analiz edilmis ve iiretim parametreleri optimize edilmistir.
Optimizasyon siirecinde, boyutsal sapmalar ve yiizey piiriizliiliikk degeri i¢in “en kiigiik
en iyidir”, yapisal biitiinliigii ifade eden sertlik ve yogunluk i¢in ise “en biiyiik en iyidir”
kalite karakteristigi esas alinmistir. Kontrol faktorlerinin Ra, sertlik, yogunluk, ylizeyler
aras1 mesafeler ilizerindeki bireysel etkilerini ve onem siralarini belirtmek amaciyla
olusturulan S/N yanit tablosu Tablo 6’da verilmistir. Analiz sonuglarina goére boyutsal
dogruluk agisindan optimum parametre seviyeleri; A-B mesafesi icin A1B2C1, C-D
mesafesi i¢in A2B4C1, E-F mesafesi i¢in A2B3C1 tespit edilmistir. Mekanik ve yiizey
ozellikleri degerlendirildiginde ise; en yiiksek sertlik degerine ulagmak i¢in optimum
kosullarin A4B4C1 kombinasyonunda oldugu goriilmiistiir. En yiiksek yogunluk ve en
diisiik yilizey piiriizlilik degerleri icin ideal iiretim parametreleri ise sirastyla A2B2Cl1
ve A3BA4C1 seviyeleri olarak belirlenmistir. Sekil 11 (a,b,c,d,e ve f)’da S/N orani
grafikleri verilmistir.

Tablo 6. Ra, p, Shore D, A-B, C-D ve E-F i¢in S/N yanit tablosu.

Girdi Parametreleri

Seviye Nozulv Tarama Nozulv Tarama Nozulv Tarama

Sicaklig1 Stratejisi Sicaklig1 Stratejisi Sicakligt Stratejisi

O ) O
Ra p Shore D
1 -22,11 -21,59 39,43 39,47 37,65 37,69
2 -20,93 -20,47 39,51 39,57 37,67 37,83
3 -20,18 -21,01 39,63 39,45 37,76 37,72
4 -20,71 -20,86 39,49 39,57 37,84 37,68
Delta 1,93 1,12 0,21 0,13 0,19 0,15
Toplam 1 2 1 2 1 2
A-B C-D E-F

1 -27,93 -28,03 -27,94 -28,01 -27,93 -28,01
2 -27,99 -27,96 -27,96 -27,94 -28,00 -27,94
3 -28,01 -27,97 -27,96 -27,94 -28,00 -27,99
4 -28,00 -27,98 -27,98 -27,94 -27,98 -27,96
Delta 0,08 0,07 0,04 0,07 0,07 0,06
Toplam 1 2 2 1 1 2
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Sekil 11. a. Yiizey piiriizliillik degeri i¢in ortalama S/N oranlar grafigi, b. Yogunluk
i¢in ortalama S/N oranlar grafigi, c. Sertlik degeri i¢in ortalama S/N oranlar grafigi, d.
A-B yiizeyler aras1 mesafesi i¢in ortalama S/N oranlar grafigi, e. C-D yiizeyler arasi
mesafesi i¢in ortalama S/N oranlar grafigi, f. E-F yiizeyler aras1 mesafesi i¢in ortalama
S/N oranlar grafigi, verilmistir.

Isleme Parametreleri icin Varyans Analizi (ANOVA)

Taguchi L16 ortogonal dizisine gore kurgulanan Eriyik Biriktirme Modelleme
(FDM) yontemiyle iiretilen deney numunelerinde; nozul sicakligi ve tarama stratejisinin
yiizey piirtizliilik degeri (Ra) , tiretilen numune yogunlugu (p), sertlik (Shore D) ile A-
B, C-D ve E-F yiizeyleri arasindaki mesafeleri belirlemek amaciyla %95 giiven
araliginda Varyans Analizi (ANOVA) uygulanmistir (Nas, vd., 2022). Analiz sonuglari
Tablo 6’da detayli olarak verilmistir. Tablo 7 incelendiginde Ra tizerinde %68,23 katk1
orantyla nozul sicakliginin en baskin faktdr oldugu, bunu %21,63 ile tarama stratejisinin
izledigi belirlenmistir. Hem nozul sicakliginin hem de tarama stratejisinin istatistiksel
olarak anlamlilik sinirinin altinda kalmasi, girdi parametrelerinin yiizey kalitesi tizerinde
dogrudan ve yiiksek diizeyde bir etkiye sahip oldugunu belirtmektedir. Modelin hata
paymin %10,13 olmas1 ise kurulan istatistiksel modelin deneysel verileri yliksek

90



Dogu Fen Bilimleri Dergisi / Journal of Natural & Applied Sciences of East 9(1): 74-94 (2026)

Arastirma Makalesi / Research Article

yogunlukta dogrulukla temsil ettigini ortaya koymaktadir. Fiziksel ve mekanik
Ozellikler incelendiginde parametrelerin daha kararli bir egilim sundugu saptanmistir.
Uretilen numunelerin yogunlugu iizerinde nozul sicakligi %33,65, tarama stratejisi
%7,93 oraninda, sertlik iizerinde ise nozul sicakligit %23,38, tarama stratejisi %20,34
oraninda etki payima sahip oldugu goriilmektedir. Modellerdeki yiiksek hata paylari (
yogunluk i¢in %58,41, sertlik i¢in %56,28), kontrol faktorlerinden ziyade cihaz/6l¢iim
hassasiyeti ile ortam kosullarindan kaynaklandig1 diisiiniilmektedir. Boyutsal hassasiyet
analizlerinde ise parga geometrisinin katman bazli soguma dinamiklerine bagli olarak
eksenel farkliliklar tespit edilmistir. A-B yiizeyleri arasindaki boyutsal sapmalarda
nozul sicakliginin %29,31, tarama stratejisi %12,23 oraninda katki sunarken, C-D
yiizeyleri arasinda nozul sicakligt %29,33, tarama stratejisi %23,04 oraninda etki
gostermistir. E-F yilizeyleri arasindaki mesafede ise nozul sicakliginin %41,25, tarama
stratejisi i1se %33,82 oraninda katki sagladigi tespit edilmistir. Sonu¢ olarak, FDM
parametrelerinden nozul sicakliginin, iiretilen deney numunelerinin yiizey kalitesi (Ra)
ile boyutsal hassasiyet dinamikleri tizerindeki birincil derecede kritik bir 6neme sahip
oldugu, tarama stratejisinin ise bu ¢iktilarda ikinci 6nemli kontrol faktorii oldugu
belirlenmistir.

Tablo 7. Cikt1 Degiskenleri icin ANOVA analiz sonuglari.

Cikt1 Kontrol Serbestlik Kareler Kareler F P Katki
Degiskeni Faktorii Derecesi Toplam Ortalamasi Oram Degeri Oram
(%)
Nozul Sicaklig 3 14,077 4,6924 20,20 0,000 68,23
Yiizey (°C)
Piiriizlilik Tarama 3 4,463 1,4876 6,40 0,013 21,63
Degeri (Ra) Stratejisi
Hata 9 2,091 - - - 10,13
Toplam 15 20,631 - - - 100
Nozul Sicakhig: 3 10,927 3,642 3,34 0,070 40,19
0
Tarama 3 6,447 2,149 1,97 0,189 23,71
Yogunluk (p)  Stratejisi
Hata 9 9,812 1,090 - - 36,09
Toplam 15 27,187 - - - 100
Nozul Sicaklig 3 7,021 2,3403 7,55 0,008 49,03
0
Tarama 3 4,511 1,5036 4,85 0,028 31,50
Sertlik (Shore  Stratejisi
D) Hata 9 2,789 0,3099 - - 19,47
Toplam 15 14,320 - - - 2,789
Nozul Sicaklig 3 0,12615 0,042050 4,59 0,033 41,12
A-B Yizeyleri  (°C)
Arasi Tarama 3 0,09815 0,032717 3,57 0,060 31,99
Mesafe(mm) Stratejisi
Hata 9 0,08250 0,009167 - - 26,89
Toplam 15 0,30680 - - - 100
Nozul Sicakhigi 3 0,23375 0,007917 1,30 0,334 11,95
C-D Yiizeyleri  (°C)
Arasi Tarama 3 0,12005 0,040017 6,55 0,012 60,39
Mesafe(mm) Stratejisi
Hata 9 0,05500 0,006111 - - 27,67
Toplam 15 0,19880 - - - 100
E-F Yiizeyleri Nozul Sicaklig 3 0,10263 0,034208 4,96 0,027 41,25
Arast (°C)
Mesafe(mm) Tarama 3 0,08412 0,028042 4,07 0,044 33,82
Stratejisi
Hata 9 0,06203 0,006892 - - 24,93
Toplam 15 0,24878 - - - 100
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Tartisma ve Sonug¢

Yapilan deneysel ¢alismalar ve grafiksel analizler sonucunda, nozul sicaklig1 ve tarama
stratejisinin PLA malzemesinden {iretilen deney numunelerinin fiziksel, mekanik ve
cevresel Ozellikleri tizerindeki etkileri arastirilarak, asagidaki sonuclar elde edilmistir.

e Nozul sicakliginin 200 °C’den 230 °C’ye c¢ikarilmasi, malzemenin reolojik
Ozelliklerini iyilestirerek katmanlar arasi diflizyonu ve molekiiler arasi bag
enerjisini artirdig1 diistiniilmektedir.

e Yiizeyler arasi nominal degerin (25 mm) iizerinde yapilan dlgiimlerde, boyutsal
dogrulugun nozul sicakligina ve tarama stratejisine bagli olarak biiziilme veya
genlesme egilimi gostermistir.

e Karbon emisyonu degerlerinin hem sicaklik hem de tarama stratejilerinden
dogrudan etkilenmistir.

e Uretilen deney numunelerinde, mekanik direng ve sertlik icin 220 °C ve 230 °C
nozul sicakliginda, Hilbert Curve tarama stratejisinin en ideal liretim parametresi
oldugu goriilmiistiir.

e Hassas geometrik toleranslar i¢in 210 °C ve 220 °C nozul sicakliginda Octagram
Spiral tarama stratejisinin en ideal liretim parametresi oldugu belirlenmistir.

e Cevresel siirdiirebilirlik igin ise Rectilinear tarama stratejisinin tercih edilmesi
sonucuna varilmistir.
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